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Summary 

The work of this thesis focuses on the targeting of G-quadruplexes (G4s), wherein several 

specific and potential ligands were designed, synthesized and characterized for its structural 

and biological activity. G4s are nucleic acid secondary structures that may form in single-

stranded guanine (G)-rich sequences under physiological conditions. Four Guanines (Gs) 

bind via Hoogsteen-type hydrogen bonds base pairing to yield G-quartets, which in turn 

stack on top of each other to form the G4. G4s are highly polymorphic, both in terms of strand 

stoichiometry (forming both inter and intramolecular structures) and strand 

orientation/topology. The presence of K+ cations specifically supports G4 formation and 

stability. In the human genome G4 DNA motifs have been found in telomeres, G-rich micro 

and mini-satellites, up-stream to oncogene promoters and within the ribosomal DNA 

(rDNA). Human G4 DNA motifs are over-expressed in recombinogenic regions, which are 

associated with genomic damage in cancer cells.  

In the present work, we focus on lead identification with specificity towards the c-MYC 

promoter G4s. Drug discovery is a highly time consuming and costly process. Lead 

identification and development are key steps in the drug discovery program. Studies have 

suggested that a large number of commercially available drugs exhibit deep structural 

similarity to the lead compounds from which they were developed. Quality lead 

identification in terms of compounds with high potency and selectivity, favorable 

physicochemical parameters and in vitro Absorption Distribution Metabolism and Excretion 

(ADME) parameters are the foremost requirements for the success of the drug discovery 

process. We herein describe the fragment-based drug design approach for the development 

of pyrrolidine-substituted 5-nitroindole derivatives as a new class of G4 ligands that exhibit 

high affinity and selectivity for the c-MYC promoter G-quadruplex. This chapter focuses on 

the methodology explored whilst finding a suitable hit and its optimization with fragment 

expansion strategies, which undergo efficient G4 binding as, depicted in figure 1. 
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Figure 1. Fragment based drug design approach to effective c-MYC promoter G4 binders 

To target G4 DNA, screenings of numerous heterocycles have been reported including 

indoles, 7-azaindoles, 1H-indazol-3-yl, benzothiazole, imidazo[1,5-a]pyridine, 2,6- 

diaminopyrimidin-4-ol, 1H-pyrazolo[4,3 d]pyrimidin-7-amine, morpholino, bis-indoles, 2-

hydroxynaphthalene-1,4-dione, 1,4-dihydroxyanthracene-9,10-dione, benzofuran and 

piperonal derived from several alkaloids.  In this part of the thesis, we set out to identify new 

binders targeting the c-MYC G-quadruplex starting from the indole fragment. Several 

synthetic strategies are reported to optimize and generate best hits starting from 5-nitro 

indole derivatives by introducing the secondary cationic linked pyrrolidine side chain. 

Interestingly, all improved versions of G4-indole fragments 5, 7 and 12 contain this 5-nitro 

functionality, which may aid in the electrostatic binding and contributes to hydrogen binding 

interactions of the ligands to G4 DNA. In-silico drug design, biological and biophysical 

analyses illustrated that the substituted 5-nitro indoles scaffolds show preferential affinity 

towards the c-MYC promoter G-quadruplex compared to other G-quadruplexes and double 

stranded DNA. In vitro cellular studies confirm that the substituted indole 

scaffolds downregulate c-MYC expression in cancer cells and have the potential to induce 
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cell cycle arrest in the G0/G1 phase. NMR analysis suggests that 5, 7, and 12 interacts in a 

fast exchange regime with the terminal G-quartets (5’ and 3’end) in a 2:1 stoichiometry. 

To further optimize the fragment generated in chapter II, a novel series of triazole linked 

indole derivatives as a potential G quadruplex stabilizers have been described in chapter III. 

The potential ligands can be obtained through an efficient, convergent, synthetic route in 

moderate to good yields. The synthesized triazole linked indole derivatives are selective 

towards c- MYC G4-DNA vs. duplex-DNA. The planarity of the aromatic core and its ability to 

occupy more surface area by stacking over the G4 greatly affect the ability of the compounds 

to stabilize the G4. Further biophysical and biological studies revealed that the triazole 

linked nitro indoles are more promising than the amino indole derivatives as depicted in 

figure 2.  

 

Figure 2. Click chemistry derived G4 ligand  

 

Additionally, the importance of the nitro functional group has been justified by molecular 

docking studies, where hydrogen-bonding interactions were observed in between the nitro 

group and the G4 base pairs of the G-quadruplex. In biological findings, most of the 

synthesized triazole linked nitro indoles has found to be effective against human carcinoma 

(cervical) HeLa cell lines. Furthermore, western blot and cell cycle analysis confirms that the 

novel triazole linked 5-nitro indole derivatives (9b) could down-regulate c-MYC oncogene 
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expression in cancer cells via stabilizing its promoter quadruplex structure, arresting cell 

cycle in G0/G1 phase. NMR analysis suggests that 9b interacts in slow exchange regime with 

the terminal G-quartets (5’ and 3’-end).  

In chapter IV of the thesis, we have developed the synthetic strategies to generate more 

potent G4 ligands via Knoevenagel condensation. To investigate novel and selective G4 

ligands for cancer chemotherapy, we designed and synthesized a series of azaindolin-2-one 

derivatives (11, 14, 15, 16 and 22) by attaching cationic pyrrolidine side chains and 

introducing a fluorine atom into the aromatic chromophore (Fig. 3). Fluorine atoms, with 

high electronegativity and small size, often exhibit unique properties in functional molecules. 

The electron-withdrawing effect of fluorine could reduce the electron density of the aromatic 

chromophore, which might favor a stronger interaction with the electron-rich π-system of 

the G-quartet.  In addition, the introduction of fluorine atoms into small molecules might 

improve lipophilicity and thus the bioavailability. Fluorescent indicator displacement assay 

(FID) assays suggests that the synthesized azaindolin-2-one derivatives are selective 

towards c-MYC G4-DNA vs. duplex-DNA and showed potent anticancer activity against 

human carcinoma (cervical) HeLa cell lines. They down-regulate c-MYC expression in cancer 

cells via stabilizing its promoter quadruplex structure, arresting cell cycle in G0/G1 phase. 

Furthermore, NMR spectroscopy suggests that azaindolin-2-one conjugate interacts with 

terminal G-quartets as well as with the nearby G-rich tract (G13-G14-G15 and G8-G9-G10) 

of c-MYC quadruplex in intermediate exchange regime. 
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Figure 3. Knoevenagel condensation derived Azaindolin-2-one derivative  

Our present results increased our understanding of the effect of c-MYC G4 on oncogene 

transcriptional regulation. The studies performed in this thesis reveal that the pyrrolidine-

substituted 5-nitroindole derivatives (chapter II), triazole linked nitro-indole derivatives 

(chapter III) and azaindolin-2-one conjugates (chapter IV) could become a potential lead 

compound for further development for cancer treatment by c-MYC promoter G4. This 

information can guide the optimization of G4-ligands, for increased binding affinity and 

selectivity toward G-quadruplex structures. 
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Zusammenfassung 

Die vorliegende Dissertation fokussiert sich auf die G-Quadruplexe (G4s), hierfür 

wurden verschiedene spezifische und potentielle Liganden aufgrund ihrer 

strukturellen und biologischen Aktivität entworfen, synthetisiert und charakterisiert. 

G4s sind Nukleinsäure Sekundärstrukturen, die sich unter physiologischen 

Bedingungen in einzelsträngigen Guanin (G) reichen Sequenzen formen. Vier Guanine 

binden via Wasserstoffbrückenbindung (Hoogsteen-Typ) und ergeben G-Quartette, 

die sich wiederum aufeinanderstapeln um G4 zu formen. G4s sowohl in Bezug auf die 

Strangstöchiometrie (welche sowohl inter- als auch intramolekular Strukturen 

bildet) und Strangorientierung/-topologie hoch polymorph. Die Anwesenheit von 

Kaliumkationen unterstützt die spezifische Bildung und Stabilität von G4. Im 

menschlichen Genom wurden G4 DNA-Domäne in Teleomeren, G-reichen Mikro- und 

Minisatelliten, hochregulierten Onkogen Promotoren und innerhalb der ribosomalen 

DNA (rDNA) gefunden. Menschliche G4 DNA Domäne sind in rekombinanten 

Regionen überexprimiert, die mit genomischen Schäden in Krebszellen assoziiert 

sind. 

In der vorliegenden Arbeit konzentrieren wir uns auf die Target Identifizierung mit 

Spezifität gegenüber dem c-MYC-Promotor G4s. Die Wirkstoffentdeckung ist ein 

zeitaufwendiger und kostspieliger Prozess. Hierbei sind die Identifikation und die 

Entwicklung wichtige Schritte im Rahmen der Entdeckung neuer Medikamente. 

Studien zeigen auf, dass eine große Anzahl kommerziell erhältlicher Medikamente 

eine tiefe strukturelle Ähnlichkeit mit Ihrer Leitverbindungen aufweisen, aus denen 

sie entwickelt wurden. Die Identifizierung von Verbindungen mit hoher Wirksamkeit 

und Selektivität und vorteilhafte physikalisch chemische Paramater sowie in vitro 

Absorption, Distribution, Metabolismus und Elimination (ADME) sind die wichtigsten 

Voraussetzungen für den Erfolg der Wirkstoffentwicklung. Wir beschreiben hier den 

fragmentbasierten Wirkstoffdesignansatz für die Entwicklung von Pyrrolidin 

substituierten 5-Nitroindolderivaten als neue Klasse von G4-Liganden, die eine hohe 

Affinität und Selektivität für den c-MYC-Promotor G-Quadruplex aufweisen. Dieser 

Abschnitt konzentriert sich auf die Methodik, die untersucht wurde um einen 

geeigneten Treffen zu finden und die Optimierung mit Hilfe von Fragment-
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Erweiterungsstrategien zur Erhaltung eines effizienten G4 bindendes Molekül 

(Abbildung 1).  

Um G4 DNA als Target zu anvisieren, wurden zahlreiche Screenings an Heterozyklen 

bereits berichtet, darunter Indole, 7-Azaindole, 1H-Indazol-3-yl, Benzothiazol, 

Imidazol[1,5-a]pyridin, 2,6-Diaminopyrimidin-4-ol, 1H-Pyrazol[4,3d]pyrimidin-7-

amin, Morpholin, Bisindole, 2-Hydroxynaphthalin-1,4-dion, 1,4-Dihydroxyanthracen-

9,10-dion, Benzofuran und Piperonal abgeleitet von verschiedenen Alkoloiden.  

 

Abbildung 1. Fragment basierender Ansatz zum Wirkstoffdesign für wirksame c-MYC-

Promotor-G4-Bindemittel. 

 

In diesem Abschnitt der Dissertation wollen wir neue potente c-MYC G-Quadruplex 

Moleküle identifizieren, ausgehend von der Leitstruktur dem Indolfragment. diverse 

Synthesestrategien gehen vom 5-Nitroindolderivat aus um die Einführung der 

sekundären kationisch verknüpften Pyrolidinseitenkette zu ermöglichen. 

Interessanterweise, haben alle verbesserte Strukturen der G4 Indolfragemente 5, 7 

und 12 eine 5-Nitrofunktionalität, die zum einen die elektrostatische Bindung 

unterstützt und zum anderen die Wasstoffbrückenbindung der Liganden an die G4-

DNA ermöglicht. In silico-Wirkstoffdesign sowie biologische und biophysikalische 

Analysen zeigten, dass das substituierte 5-Nitro-Indol Gerüst gegenüber anderen G-

Quadruplexen und doppelsträngigen DNA eine bevorzugte Affinität zum c-MYC 
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Promotor des G-Quadruplexen aufweist. In vitro Zellstudien bestätigen, dass die 

substituierten Indolgerüste die c-MYC Expression in Krebszellen runterreguliert und 

das Potential haben einen Zellzyklusstillstand in der G0/G1 Phase zu induzieren. Des 

Weiteren legt die NMR Analyse nahe, dass 5, 7 und 12 in einer 2:1 Stöchiometrie in 

einem schnellen Austauschregime mit den terminalen G-Quartetten (5‘ und 3‘ Ende) 

wechselwirken. 

Zur Optimierung der erzeugten Verindungen, welches im Kapitel II dargestellt 

worden sind, wurde in Kapitel III eine neue Reihe von Triazole verknüpften 

Indolderivaten als potenielle G-Quadruplex Stabilisatorenuntersucht. Die 

potentiellen Liganden können durch einen effizienten konvergenten Syntheseweg in 

moderaten bis guten Ausbeuten erhalten werden. Die synthetisierten Triazol 

verknüpften Indolderivate sind selektiv gegenüber c-MYC G4 DNA und Duplex DNA.  

 

Abbildung 2. Click Chemie abgleitet vom G4 Liganden  

 

Die Ebenheit des aromatischen Gerüstes und seine Fähigkeit mehr Oberfläche durch 

Stapeln über dem G4 zu besetzen, beeinflussen die Fähigkeit der Verbindung bzw. die 

Stabilisierung der G4 Bindung. Weitere biophysikalische und biologische Studien 

erwiesen, dass die Triazole verknüpften Nitroindole vielversprechender als die in 

Abbildung 2 dargestellten Amin-indolderivate sind. Darüber hinaus wurden die 

Bedeutsamkeit der funktionellen Nitrogruppe durch molekulare Docking Studien 

erwiesen, Wasserstoffbrückenbindungen zwischen der Nitrogruppe und den G4-
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Basenpaaren des G-Quadruplexen sind vorhanden. Nach den biologischen 

Erkenntnissen haben sich die meisten synthetisierten Triazole verknüpften 

Nitroindole als wirksam gegen HeLa Zelllinien von humanen Karzinomen 

(Gebärmutterhalskrebs) erwiesen. Ferner bestätigten Western Blot und Zellzyklus 

Analysen, dass die neuartigen verknüpften 5-Nitrolindolderivate (9b) die c-MYC 

Onkogen Expression in Krebszellen durch Stabilisierung Ihrer Promotor Quadruplex 

Struktur herunterregulieren und den Zellzyklus in der G0/G1 Phase zum Stillstand 

bringen könnte. Die NMR-Analysen legen nahe, dass 9b im langsamen Austausch mit 

den terminalen G Quartetten (5‘- und 3‘-Ende) wechselwirkt. Weitere Investigationen 

sind im Prozess um konkrete Ergebnisse zu erhalten. 

In Kapitel IV dieser Arbeit haben wir die Synthesestrategie entwickelt mittels 

Knoevenagel Kondensation wirksamere G4 Liganden zu erhalten. Zur Untersuchung 

neuartiger und selektiver G4 Liganden für die Krebschemotherapie entwickelten und 

synthetisierten wir eine Reihe von Azaindol-2-on Derivate (11, 14, 15, 16 und 22), 

indem wir die kationische Pyrrolidinseitenketten anbrachten und ein Fluoratom in 

das aromatische Chromophor einführten (Abbildung 1)..  

 

Abbildung 3. Knoevenagel Kondensation derived Azaindolin-2-one derivative  

 

Fluoratome mit hoher Elektronegativität und geringe Größe weisen häufig besondere 

Eigenschaften in funktionellen Molekülen auf. Der elektroziehende Effekt von Fluor 
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konnte die Elektronendichte des aromatischen Chromophors verringern, welches 

eine stärkere Wechselwirkung mit dem elektronenreichen π-System des G-Quartetts 

begünstigt hat. Außerdem konnte die Einführung von Fluoratomen die Lipophilie 

erhöhen und die Bioverfügbarkeit verbessern. Fluoreszenzindikator 

Verdrängungsassay FID Assays legen nahe, dass die synthetisierten Azaindol-2.on 

Derivate gegenüber c-MYC G4 DNA und Duplex DNA selektiv sind und eine starke 

Antikrebsaktivität gegen humane Karzinom (Gebärmutterhalskrebs) HeLa Zelllinien 

aufweisen. Sie regulieren die c-MYC Expression in Krebszellen herunter, indem sie die 

Promotor Quadruplex Struktur stabilisieren und den Zellzyklus in der G0/G1 Phase 

beeinträchtigen. NMR-Spektroskopie unterstützte die Theorie dass das Azaindol-2-

on Konjugat mit dem terminalen G Quartetten sowie mit den nahe gelegenen G 

reichen Trakt (G13-G14-G15 und G8-G9-G10) von c-MYC Quadruplex in 

intermediaten Austauschregime interagiert.  

die in dieser Arbeit erreichten Ergebnissen konnten unser Verständnis für die 

Wirkung von c.MYC G4 auf die transkriptionelle Regulation von Onkogenen 

verbesseren. Ebenfalls konnte gezeigt werdendass die pyrolidinsubstituierten 5-

Nitroindolderivate (Kapitel II), triazol gebundene Nitroindolderivate (Kapitell III) 

und Azaindol-2-on Konjugate (Kapitel IV) zu einer potentiellen Leitstruktur für die 

weitere Entwicklung der Krebsbehandlung für c-MYC Promotor G4 werden könnte. 

Solche strukturelle Informationenkönnen bei der Optimierung von G4 Liganden für 

eine erhöhte Bindungsaffinität und Selektivität gegenüber G-Quadruplexstrukturen 

sehr hilfreich. 
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Chapter 1 General Introduction 

 

This thesis will explore the design and activity of a new class of G-quadruplex DNA recognition 

as potential anticancer agents. To contextualize why such agents are so important, existing 

structures of DNA and the agents that bind to them first need to be considered. 

1.1 CANCER: A Collection of Related Diseases 

Cancer is the name given to a collection of related diseases. In all types of cancer, some of the 

body’s cells begin to divide without stopping and spread into surrounding tissues. Cancer can 

start almost anywhere in the human body, which is made up of trillions of cells. Normally, human 

cells grow and divide to form new cells as the body needs them. When cells grow old or become 

damaged, they die, and new cells take their place.1 

When cancer develops, however, this orderly process breaks down. As cells become more and 

more abnormal, old or damaged cells survive when they should die, and new cells form when 

they are not needed. These extra cells can divide without stopping and may form growths called 

tumors. Many cancers form solid tumors, which are masses of tissue. Cancers of the blood, such 

as leukemias, generally do not form solid tumors. Cancerous tumors are malignant, which means 

they can spread into, or invade, nearby tissues. In addition, as these tumors grow, some cancer 

cells can break off and travel to distant places in the body through the blood or the lymph system 

and form new tumors far from the original tumor. Unlike malignant tumors, benign tumors do 

not spread into, or invade, nearby tissues. Benign tumors can sometimes be quite large, however. 

When removed, they usually don’t grow back, whereas malignant tumors sometimes do. Unlike 

most benign tumors elsewhere in the body, benign brain tumors can be life threatening.2  

 

1.1.1 Differences between Cancer Cells and Normal Cells 

Cancer cells differ from normal cells in many ways that allow them to grow out of control and 

become invasive. One important difference is that cancer cells are less specialized than normal 

cells. That is, whereas normal cells mature into very distinct cell types with specific functions, 

cancer cells do not. This is one reason that, unlike normal cells, cancer cells continue to divide 

without stopping. In addition, cancer cells are able to ignore signals that normally tell cells to stop 

dividing or that begin a process known as programmed cell death, or apoptosis, which the body 

uses to get rid of unneeded cells.3 
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Cancer cells may be able to influence the normal cells, molecules, and blood vessels that surround 

and feed a tumor-an area known as the microenvironment (Fig. 2A). For instance, cancer cells 

can induce nearby normal cells to form blood vessels that supply tumors with oxygen and 

nutrients, which they need to grow. These blood vessels also remove waste products from tumors 

(Fig. 2A & 2B).Cancer cells are also often able to evade the immune system, a network of organs, 

tissues, and specialized cells that protects the body from infections and other conditions (Fig. 

2D). Although the immune system normally removes damaged or abnormal cells from the body, 

some cancer cells are able to “hide” from the immune system. Tumors can also use the immune 

system to stay alive and grow. For example, with the help of certain immune system cells that 

normally prevent a runaway immune response, cancer cells can actually keep the immune system 

from killing cancer cells. 

Cancer is a genetic disease-that is, it is caused by changes to genes that control the way our cells 

function, especially how they grow and divide Genetic changes that cause cancer can be inherited 

from our parents. They can also arise during a person’s lifetime as a result of errors that occur as 

cells divide or because of damage to DNA caused by certain environmental exposures (Fig. 1). 

Cancer-causing environmental exposures include substances, such as the chemicals in tobacco 

smoke, and radiation, such as ultraviolet rays from the sun. Each person’s cancer has a unique 

combination of genetic changes. As the cancer continues to grow, additional changes will occur. 

Even within the same tumor, different cells may have different genetic changes. In general, cancer 

cells have more genetic changes, such as mutations in DNA, than normal cells. Some of these 

changes may have nothing to do with the cancer; they may be the result of the cancer, rather than 

its cause. 4 
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Figure 1. Cancer is caused by certain changes to genes, the basic physical units of inheritance. Genes are 

arranged in long strands of tightly packed DNA called chromosomes (Reproduced from reference 4). 

 

1.1.2 "Drivers" of Cancer 

The genetic changes that contribute to cancer tend to affect three main types of genes-proto-

oncogenes, tumor suppressor genes, and DNA repair genes. These changes are sometimes called 

“drivers” of cancer. 5 

 DNA repair genes are involved in fixing damaged DNA. Cells with mutations in these 

genes tend to develop additional mutations in other genes. Together, these mutations 

may cause the cells to become cancerous (Fig. 2B). 

 Tumor suppressor genes are also involved in controlling cell growth and division. Cells 

with certain alterations in tumor suppressor genes may divide in an uncontrolled manner 

(Fig. 2B). 

 Proto-oncogenes are involved in normal cell growth and division. However, when these 

genes are altered in certain ways or are more active than normal, they may become 

cancer-causing genes (or oncogenes), allowing cells to grow and survive when they 

should not (Fig. 2C).  
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Figure 2.  A) Within a tumor, cancer cells are surrounded by a variety of immune cells fibroblasts 

molecules, and blood vessels-what’s known as tumor microenvironment, Cancer cells can turn the 

microenvironment, which in turn can affect how cancer grows and spread; B) In normal cells tumor 

suppressor genes prevent cancer by slowing or stopping cell growth. DNA changes that inactivates tumor 

suppressor genes can lead to uncontrolled cell growth and cancer; C) A DNA changes can cause genes 

involved in normal cell growth to become oncogene. Unlike normal cells oncogene cannot be turned off, so 

they cause uncontrolled cell growth; D) Immune system cells can detect and attack cancer cells. But some 

cancer cells can avoid detection or thwart an attack. Some cancer cells help the immune system better 

detect and kill cancer cells (Reproduced from reference 5 and https://www.cancer.gov/about-

cancer/causes-prevention/genetics). 

 

As scientists have learned more about the molecular changes that lead to cancer, they have found 

that certain mutations commonly occur in many types of cancer. Because of this, cancers are 

sometimes characterized by the types of genetic alterations that are believed to be driving them, 

not just by where they develop in the body and how the cancer cells look under the microscope. 

 

1.1.3 Metastasis: When Cancer Spreads 

A cancer that has spread from the place where it first started to another place in the body is called 

metastatic cancer. The process by which cancer cells spread to other parts of the body is called 
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metastasis. Metastatic cancer has the same name and the same type of cancer cells as the original, 

or primary cancer. For example, breast cancer that spreads to and forms a metastatic tumor in 

the lung is metastatic breast cancer, not lung cancer. Under a microscope, metastatic cancer cells 

generally look the same as cells of the original cancer (Fig 3).6 

 

 

Figure 3. In metastasis, cancer cells break away from where they first formed (primary cancer), travel 

through the blood or lymph system, and form new tumors (metastatic tumors) in other parts of the body. 

The metastatic tumor is the same type of cancer as the primary tumor (Reproduced from reference6 

https://www.cancer.gov/about-cancer/causes-prevention/genetics). 

 

Moreover, metastatic cancer cells and cells of the original cancer usually have some molecular 

features in common, such as the presence of specific chromosome changes. Treatment may help 

prolong the lives of some people with metastatic cancer. In general, though, the primary goal of 

treatments for metastatic cancer is to control the growth of the cancer or to relieve symptoms 

caused by it. Metastatic tumors can cause severe damage to how the body functions, and most 

people who die of cancer is because of metastatic disease (Fig. 3). 

 

1.1.4 Carcinoma 

Carcinomas are the most common type of cancer.7 They are formed by epithelial cells, which are 

the cells that cover the inside and outside surfaces of the body. There are many types of epithelial 
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cells, which often have a column-like shape when viewed under a microscope. Carcinomas that 

begin in different epithelial cell types have specific names: 

 Adenocarcinoma: Adenocarcinoma is a cancer that forms in epithelial cells that produce 

fluids or mucus. Tissues with this type of epithelial cell are sometimes called glandular 

tissues. Most cancers of the breast, colon, and prostate are adenocarcinomas. 

 

Basal cell carcinoma is a cancer that begins in the lower or basal (base) layer of the epidermis, 

which is a person’s outer layer of skin. 

 

 Squamous cell carcinoma:  Squamous cell carcinoma is a cancer that forms in squamous 

cells, which are epithelial cells that lie just beneath the outer surface of the skin. 

Squamous cells also line many other organs, including the stomach, intestines, lungs, 

bladder, and kidneys. Squamous cells look flat, like fish scales, when viewed under a 

microscope. Squamous cell carcinomas are sometimes called epidermoid carcinomas. 

 Transitional cell carcinoma: Transitional cell carcinoma is a cancer that forms in a type 

of epithelial tissue called transitional epithelium, or urothelium. This tissue, which is 

made up of many layers of epithelial cells that can get bigger and smaller, is found in the 

linings of the bladder, ureters, and part of the kidneys (renal pelvis), and a few other 

organs. Some cancers of the bladder, ureters, and kidneys are transitional cell 

carcinomas. 

 Sarcomas: Sarcomas are cancers that form in bone and soft tissues, including muscle, fat, 

blood vessels, lymph vessels, and fibrous tissue (such as tendons and ligaments). 

Osteosarcoma is the most common cancer of bone. The most common types of soft tissue 

sarcoma are leiomyosarcoma, Kaposi sarcoma, malignant fibrous 

histiocytoma, liposarcoma, and dermatofibrosarcoma protuberans. 

 Leukemia: Cancers that begin in the blood-forming tissue of the bone marrow are called 

leukemias. These cancers do not form solid tumors. Instead, large numbers of abnormal 

white blood cells (leukemia cells and leukemic blast cells) build up in the blood and bone 

marrow, crowding out normal blood cells. The low level of normal blood cells can make 

it harder for the body to get oxygen to its tissues, control bleeding, or fight infections.   
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There are four common types of leukemia, which are grouped based on how quickly the disease 

gets worse (acute or chronic) and on the type of blood cell the cancer starts in (lymphoblastic or 

myeloid). 

 

Figure 4. Soft tissue sarcoma forms in soft tissues of the body, including muscle, tendons, fat, blood vessels, 

lymph vessels, nerves, and tissue around joints (Reproduced from reference8 and from NCI website 

https://www.cancer.gov/about-cancer). 

 

 Lymphoma: Lymphoma is cancer that begins in lymphocytes (T cells or B cells). These 

are disease-fighting white blood cells that are part of the immune system. In lymphoma, 

abnormal lymphocytes build up in lymph nodes and lymph vessels, as well as in other 

organs of the body. 

There are two main types of lymphoma: 

 Hodgkin lymphoma: People with this disease have abnormal lymphocytes that are 

called Reed-Sternberg cells. These cells usually form from B cells. 
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 Non-Hodgkin lymphoma: This is a large group of cancers that start in lymphocytes. The 

cancers can grow quickly or slowly and can form from B cells or T cells. 

 Multiple Myeloma: Multiple myeloma is cancer that begins in plasma cells, another type 

of immune cell. The abnormal plasma cells, called myeloma cells, build up in the bone 

marrow and form tumors in bones all through the body. Multiple myeloma is also called 

plasma cell myeloma and Kahler disease. 

 Melanoma: Melanoma is cancer that begins in cells that become melanocytes, which are 

specialized cells that make melanin (the pigment that gives skin its color). Most 

melanomas form on the skin, but melanomas can also form in other pigmented tissues, 

such as the eye. 

 Brain and Spinal Cord Tumors: There are different types of brain and spinal cord 

tumors. These tumors are named based on the type of cell in which they formed and 

where the tumor first formed in the central nervous system. For example, an astrocytic 

tumor begins in star-shaped brain cells called astrocytes, which help keep nerve 

cells healthy. Brain tumors can be benign (not cancer) or malignant (cancer). 

 

1.1.5 Other Types of Tumors 

 Germ Cell Tumors: Germ cell tumors are a type of tumor that begins in the cells that give 

rise to sperm or eggs. These tumors can occur almost anywhere in the body and can be 

either benign or malignant. 

 Neuroendocrine Tumors: Neuroendocrine tumors form from cells that release 

hormones into the blood in response to a signal from the nervous system. These tumors, 

which may make higher-than-normal amounts of hormones, can cause many different 

symptoms. Neuroendocrine tumors may be benign or malignant. 

 Carcinoid Tumors: Carcinoid tumors are a type of neuroendocrine tumor. They are 

slow-growing tumors that are usually found in the gastrointestinal system (most often in 

the rectum and small intestine). Carcinoid tumors may spread to the liver or other sites 

in the body, and they may secrete substances such as serotonin or prostaglandins, 

causing carcinoid syndrome. 
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1.1.6 Tissue Changes that Are Not Cancer 

Not every change in the body’s tissues is cancer. Some tissue changes may develop into cancer if 

they are not treated, however. Here are some examples of tissue changes that are not cancer but, 

in some cases, are monitored: 

 Hyperplasia occurs when cells within a tissue divide faster than normal and extra cells build 

up, or proliferate. However, the cells and the way the tissue is organized look normal under 

a microscope. Hyperplasia can be caused by several factors or conditions, including chronic 

irritation.9 

 Dysplasia is a more serious condition than hyperplasia. In dysplasia, there is also a 

buildup of extra cells. But the cells look abnormal and there are changes in how the tissue 

is organized. In general, the more abnormal the cells and tissue look, the greater the 

chance that cancer will form.9 

Some types of dysplasia may need to be monitored or treated. An example of dysplasia is an 

abnormal mole (called a dysplastic nevus) that forms on the skin. A dysplastic nevus can turn into 

melanoma, although most do not. 

An even more serious condition is carcinoma in situ. Although it is sometimes called cancer, 

carcinoma in situ is not cancer because the abnormal cells do not spread beyond the original 

tissue. That is, they do not invade nearby tissue the way that cancer cells do. But, because some 

carcinomas in situ may become cancer, they are usually treated (Fig. 5). 

 

 

Figure 5. Normal cells may become cancer cells. Before cancer cells form in tissues of the body, the cells 

go through abnormal changes called hyperplasia and dysplasia. In hyperplasia, there is an increase in the 

number of cells in an organ or tissue that appear normal under a microscope. In dysplasia, the cells look 

abnormal under a microscope but are not cancer. Hyperplasia and dysplasia may or may not become cancer 

(reproduced from reference9 and from NCI website https://www.cancer.gov/about-cancer). 
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1.1.7 Development of Chemotherapy with Cell-Cycle Inhibitors 

1.1.8 Cell Cycle and Cancer 

Cell division is the fundamental process by which a parent cell divides, producing two identical 

daughter cells. The cell division cycle has four phases: G1 (Gap1), S (synthesis), G2 (Gap2), and M 

(mitotic). Cells enter the cell cycle in G1 phase through mitogenic signaling and prepare for DNA 

replication, which occurs in S phase. G2 is the preparation phase for mitosis. When cells stop 

proliferating they exit the cell cycle and become quiescent (Fig. 6). The cell cycle is highly 

coordinated by positive and negative regulators. Cell division is the fundamental process by 

which a parent cell divides, producing two identical daughter cells. The eukaryotic cell division 

cycle consists of two stages. First, during the long interphase, the chromosomes are replicated.10  

They are then distributed between the two daughter cells during the mitotic phase (mitosis 

followed by cytokinesis). When they are not dividing, cells are in a quiescence state in the G0 

phase. Cells are stimulated to enter the cell cycle by mitogenic signals. The cell cycle has four 

phases: G1 (Gap1), S (synthesis), G2 (Gap2), and M (mitotic). G1 is the preparation phase for DNA 

replication which occurs in S phase. G2 is the preparation phase for mitosis. When cells stop 

proliferating they exit the cell cycle and become quiescent. At the end of G1 phase, cells pass 

through the restriction point, when they become irreversibly committed to DNA replication and 

mitogenic signals are no longer required to complete the cell cycle.10 The four phases are 

coordinated and the proper progression through the cell cycle requires that a phase must not 

begin until the previous phase is successfully completed. The transition between two successive 

phases is irreversible. There are five major transitions: 
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Figure 6. The cell cycle: different phases and major events (reproduced from Ref10).  

 

G1a/G1b (the restriction point), G1/S (the initiation of DNA replication), G2/M (the entry into 

mitosis), metaphase/anaphase (the alignment of chromosomes on the mitotic spindle/sister-

chromatid separation), and M/G1 (mitotic exit). Complex surveillance mechanisms act at several 

points in the cell cycle and trigger an arrest when an abnormality is detected. The DNA damage 

checkpoints 11 monitor the DNA integrity before the DNA replication (G1/S transition) and again 

before mitosis (G2/M transition). Progression to S phase and M phase, respectively, is blocked if 

DNA repair is needed, thus preventing the propagation of DNA mutations to daughter cells. The 

spindle assembly checkpoint12 monitors the proper chromosome attachment to the mitotic 

spindle before anaphase (metaphase/anaphase transition). If incorrect attachments are 

detected, progression through mitosis is blocked thus preventing chromosome mis-segregation 

and the creation of aneuploid daughter cells. 

The normal cell cycle consists of complex pathways that regulate the duplication of all molecules 

and organelles and their separation into two identical daughter cells. This progresses through 

four phases: G1 (gap), S (synthesis), G2 (gap), and M (mitosis) and is coordinated by cell-cycle 
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regulators that drive chromosome duplication, chromosome segregation, and cytokinesis. The 

accuracy of this process is controlled by cyclin-dependent kinases (CDK) and regulatory cyclins 

as well as checkpoint proteins that delay cell-cycle progression to detect errors and preserve 

genomic integrity. Although the replication machinery is highly conserved in higher eukaryotes, 

defects in these pathways can arise as a result of somatic mutations in genes encoding key 

regulatory proteins.13 This, along with defects in checkpoints, can lead to adaptations that result 

in cancer cell growth. Cell-cycle inhibitors target components that control DNA replication, or 

coordinate the DNA damage response (DDR) signaling networks, and the mitotic spindle. 

Inhibition of these processes induces cell cycle arrest and cell death. Current clinical development 

demonstrates the safety and tolerability of many single agents in adult and pediatric patients, but 

with limited efficacy, along with various side effects. Combination strategies of agents that induce 

cell-cycle arrest with cytotoxic therapies demonstrate greater antitumor effects in patients. This 

article reviews the rationale for dual combination treatments that support the idea that the 

activity of agents is mechanistically coupled to achieve greater efficacy. This approach is 

predicted to develop better regimens to improve survival and reduce toxicities in cancer patients. 

Cell-Cycle Progression Human cells enter the cell cycle at G1 through various mitogenic stimuli. 

One such mechanism involves signaling through the Ras/Raf/MAPK pathway that increases 

cyclin D expression.14 The CDKs are a family of multifunctional enzymes that bind regulatory 

cyclins and modulate several protein substrates involved in the cell cycle. The retinoblastoma 

tumor suppressor gene product (Rb) is phosphorylated by cyclin D/CDK4/6 and cyclin E/CDK2, 

to govern the G1–S transition.14 The single replication of DNA during the cell cycle is ensured by 

loading of origin recognizing complexes onto the DNA at replication origins during G1 phase.15 

Initiation and termination of DNA replication occurs during the S-phase in which 23 pairs of 

chromosomes are duplicated. The central DNA polymerase Pol d, together with Pol e and Pol 

a/primase, synthesize the daughter DNA strands at the eukaryotic replication fork.16  Pol d and 

accessory proteins including proliferating cell nuclear antigen (PCNA) edit or proofread nascent 

DNA strands to monitor the correct incorporation of nucleotides.  

The significance of the intra-S-phase checkpoint is the defense against mutagenic DNA synthesis 

in replicating cells upon genotoxic challenge. When DNA polymerases encounter errors including 

mutations and lesions, checkpoint regulation of S-phase progression via inhibition of DNA 

synthesis, occurs. This triggers ataxia telangiectasia and Rad3-related (ATR) activation17 to 

prevent extension of mismatched primers or the introduction of mutations and loss of genomic 

stability. Eukaryotic cells typically begin mitotic events, such as chromosome condensation, 
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when DNA replication is complete. During mitosis, the spindle assembly checkpoint restricts the 

onset of anaphase to facilitate the attachment of kinetochores to spindle microtubules and the 

tension setting during metaphase, to ensure proper segregation of chromosomes.18  This is 

followed by nuclear division and cytokinesis. Together, these checkpoints ensure the coordinated 

regulation of cell-cycle progression and maintain genetic fidelity between daughter cells.  

DNA Damaging Effects of Chemotherapy Standard chemotherapy regimens are used to treat 

many types of solid tumors and hematologic malignancies. Cytotoxic agents induce DNA damage 

in cells and activate the intra-S-phase checkpoint to inhibit DNA synthesis,19  leading to apoptosis 

or cellular senescence. Chemotherapeutics have diverse actions and cause different forms of DNA 

damage. Alkylating agents (e.g., temozolomide, dacarbazine cyclophosphamide, ifosfamide) add 

an alkyl group to DNA binding proteins to prevent the linking of strands in the formation of the 

DNA double helix. This causes DNA strand breaks, the production of reactive oxygen species and 

inactivation of DNA polymerases.20 

Platinum-based agents (e.g., cisplatin, carboplatin, oxaliplatin) form DNA intrastand and 

interstrand crosslinks and DNA protein crosslinks that restrict DNA repair.21 Doxorubicin 

intercalates DNA, and disrupts the DNA repairing function of topoisomerase-II,22 preventing the 

DNA double helix from being resealed and thereby stopping the process of replication. 

Nucleoside analogues [e.g., gemcitabine, cytarabine, 5-fluorouracil (5-FU)] are incorporated into 

DNA strands and act as chain terminators to inhibit DNA polymerase. Anti-metabolites (e.g., 

methotrexate, 5-FU, and mercaptopurine block essential enzymes necessary for DNA synthesis 

or also become incorporated into the DNA strand. 
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Figure 7. Therapies that target the cell cycle. The mechanism of action of some cytotoxic chemotherapies 

(top green boxes) may be cell-cycle independent (e.g., alkylating agents, yellow box) or rely on specific 

phases in the cell cycle (blue arrows) to induce cell-cycle arrest. Bottom, cell-cycle inhibitors target cell-

cycle modulators (bottom green boxes) that act at specific phases to delay cell-cycle progression 

(reproduced from reference23) 

 

Microtubule inhibitors (vinca alkaloids and taxane) disrupt microtubule spindle formation 

during metaphase causing mitotic arrest (Fig. 7). Although chemotherapy is highly toxic to the 

cell cycle, cancer cells may adapt a variety of DNA repair mechanisms or rely on faulty 

checkpoints to reverse or escape chemical damage to DNA. Activation of DNA repair pathways in 

tumor cells can mediate base excision repair, mismatch repair, or DNA double-strand repair.24 

The recruitment of translesion synthesis (TLS) polymerases by ubiquitylated PCNA allows the 

repair of bulky lesions to compromise many platinum-based–induced lesions.25  Defects at cell-
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cycle checkpoints may allow some lesions to escape DNA polymerase selectivity and 

proofreading mechanisms, and become replicated. In addition, some base lesions such as O6- 

methylguanine, which are produced by alkylating agents and reactive oxygen species can 

introduce mutations during DNA synthesis in replicating cells upon genotoxic stress 26  and in 

such cases, drugs become ineffective. In another mechanism, the activation of proteins that are 

necessary for replication initiation following DNA damage (e.g., chromatin licensing and 

replication factor protein, Cdt1) can lead to DNA re-replication in neoplastic cells. 27 This initiates 

new rounds of replication of chromosome regions in a single cell cycle, resulting in an increase in 

aneuploid cell populations and gene amplifications. Several studies demonstrate that cells that 

have been exposed to DNA-damaging agents and topoisomerase blockers exhibit extended G2 

arrest to delay the onset of mitosis.28  This allows more time for DNA repair processes prior to 

the start of mitosis, which can cause tumor cells to become refractory to chemotherapy. The fate 

of cancer cells with DNA damage induced by chemicals, radiation, oxidative, and replication 

stresses may be lethal or may allow cells to acquire mutations and epigenetic modifications. If 

abnormal cells are not eliminated, they may evolve to a more aggressive and malignant 

phenotype that is refractory to treatment. 

 

1.2 DNA Structures, Recognition Sites and Binders 

1.2.1 DNA structures and DNA components  

Nucleic acids are constituted by the succession of elementary units called nucleotides linked by 

phosphodiester bounds. The nucleotides can be generated by the phosphorylation of nucleosides. 

Therefore, each nucleotide contains a nucleoside formed by a nucleobase covalently linked to a 

pentose through a glycosidic bond and a phosphate group (Fig. 8A). Four primary nucleobases 

appear in DNA: Adenine (A), Cytosine (C), Guanine (G) and Thymine (T) which is substituted by 

Uracil (U) in RNA (Fig. 8B). The pentose is 2-desoxy-D-ribose in DNA and D-ribose in RNA. 

1.2.2 DNA structural polymorphism  

1.2.3 Duplex DNA  

In 1953, James Watson and Francis Crick discovered the first double helix DNA structure.29,30 DNA 

is usually represented by a right-handed double helix formed with two anti-parallel strands held  
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Figure 8. Nucleic acids components. (A) The chemical structures of nucleotide and nucleoside. 

Nucleobase in green, pentose in black and phosphate group in blue. (B) Schematic structures of the 

nucleobases constituting DNA and RNA with conventional numbering of atoms. H bond sites involved in 

Watson Crick and Hoogsteen base pairing (donor and acceptor sites showed on guanine nucleobase by blue 

and red asterisks respectively). 

 

together by the complementary base pairing through two Hydrogen bonds between the bases A 

and T and Three between C and G. The helicoidal structure of DNA is stabilized by interactions of 

π- π stacking between consecutive bases. This DNA form called B form (Fig. 9A) is the canonical 

conformation predominantly found in the cells. The sugar pucker is always in C2'-endo/C3'-exo 

conformations and the glycosidic bond connecting the base to the sugar adopts an anti-

conformation. Nevertheless, the B form is not the only base pairing arrangement that can occur 

between bases. Another right handed duplex DNA form can also be found, the A form (Fig. 9B) 

observed under conditions of low humidity differs from the B form by the sugar pucker which is 

in C3'-endo conformation. Besides the two first forms, a left-handed conformation called Z form 

was also highlighted.31  This structure is favored at high concentration of salts and requires an 

alternation of purine-pyrimidine dinucleotides especially C and G. The sugar puckering is in C2'-

endo/C3'-exo and the glycosidic bond adopts an anti-conformation at pyrimidines. By contrast, 

the sugar puckering is in C3'-endo/C2'-exo and the glycosidic bond adopts a syn conformation at 

purines. The change to the syn position (Fig. 9B) induces a turning over of bases within the helix 

and gives to the backbone of the left-handed DNA a zig-zag appearance (Fig. 9A). 
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Figure 9. Duplex DNA structures. (A) Models of the A, B and Z DNA. B and A forms are right-handed 

helices, B form is characterized by a helical turn every 10 base pairs (3.4 nm) with 0.34 nm by base pair. A 

form is more compact with 11 base pairs per turn. Z form is left-handed with a zig-zag like backbone. (B) 

Syn and anti-conformations of glycosidic bond angles of guanines as in B and Z DNA. C2'-endo/C3'-exo and 

C2'-exo/C3'-endo sugar puckers of B and Z DNA. Images generated using UCSF Chimera.32 

 

1.2.4 Triplex DNA 

  

In 1975, G. Felsnfeld et al observed a structure formed by a triple helix.33 It is formed by the 

insertion of a third strand in the major groove of the duplex DNA (Fig. 10B). The formation of this 

structure requires an asymmetric double helix where one strand contains mostly pyrimidine 

bases while its complementary strand is mainly constituted by purine bases. The purine-rich 

strand is recognized by the third strand through non-canonical base pairing. These connections 

established via H bonds can explain the formation of the triplex. This non-canonical base pairing 

was highlighted by Karst Hoogsteen using X-ray diffraction and are called "Hoogsteen" (Fig. 

10A).34,35  
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Figure 10. Triplex DNA structure. (A) Non-canonical base pairing of nucleotides within a triple helix of 

DNA. (B) Model of triplex DNA adapted from the structure pdb 149D obtained by NMR.36 Images generated 

using UCSF Chimera.32 

1.2.5 Guanine quadruplex (G4) structures  

 

Besides these DNA structures, another non-canonical base pairing can be established within 

guanine rich DNA sequences between guanines via four hydrogen bonds involving the "Watson 

Crick" and "Hoogsteen" edges. The association of four guanines by a network of eight H bonds 

generates a planar structure called a G-quartet.37 The stacking of several G-quartets forms a G4 

(Fig. 11).38 These structures representing the main object of this work will be described more in 

detail in the rest of the manuscript. The study of G4 structures present a large interest in view of 

their structural diversity and the fact that they can be used as potential therapeutic targets.39–42 

 

 

Figure 11. G4 DNA structure. (A) Schematic structure of guanine with the Hoogsteen and Watson Crick 

faces, the atoms marked with asterisks are involved in the H bonds. (B) Presentation of a G-quartet formed 

by the association of four guanines. (C) Model of G4 formed by the stacking of three G-quartets adapted 

from the Human telomeric sequence, (AG3[(T2AG3])3, code pdb 143D obtained by NMR.43 Images generated 

using UCSF Chimera.32 
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1.2.6 G4 structures  

1.2.7 G-quartets  

The planar structures formed by the association of four guanines are called G-quartets (Fig. 4B). 

The guanines are linked by two networks of H-bonds. The first H-bonds established between the 

oxygen of carbonyl group in position 6 (O6) and the Hydrogen of imino group in position 1 (N1), 

the second H bond is established between the nitrogen in position 7 (N7) and the hydrogen of 

amino group in position 2. The G-quartets are maintained by the presence of monovalent cations, 

mainly the metallic cations such as K+, and to a lesser degree Na+ 44 and NH4+.45 Other monovalent 

and divalent cations such as (Li+, Rb+, Sr2+, Ca2+ and Pb2+) can also be incorporated between G-

quartets, to stabilize their formation.45,46 The cations interact with the four oxygen atoms 

belonging to the carbonyl group (O6) of the four guanines during the stacking of G-quartets.47 

The sugar pucker of the G forming G-quartet is usually in a C2'-endo/C3'-exo conformation. 

However, the glycosidic bond angle can adopt two different orientations syn and anti. The 

syn/anti conformations of guanines within a G-quartet define the groove dimension between two 

adjacent guanines. G4 present three types of grooves, they can be wide, narrow or medium.48 The 

combination of these different conformations allows the specific structural polymorphism of G4; 

which can contain two or more G-quartets, arranged in intermolecular or intra-molecular 

structures, and different orientation of the strands.  

1.2.8 Structural polymorphism of G4  

The stacked G-quartets linked by the phosphate backbone constitute the invariant core of all G4 

structures. Even if they are not connected by a phosphate backbone, the guanosines are able to 

form a helicoidal structure by self-assembly and stacking of G-quartets.49 Therefore, a strong 

cooperation between three key factors including H bonding, Dipole interactions and π-π stacking 

interactions determines the structural diversity of G4. Different parameters have been described 

to explain the structural diversity of G4 mainly: the number of strands, their orientations, and the 

conformation of loops and the nature of cations.  

1.2.9 Number of strands  

According to the number of DNA molecules involved in the formation of a G4, two main categories 

can be described. Intermolecular G4 includes three categories; Tetra-molecular formed by the 

association of four strands, bimolecular formed by two strands and recently Zhou et al. were able 
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to form a G4 with three strands.50  The intra-molecular or monomolecular G4 is formed by one 

strand containing several blocks of guanines able to fold back and form a G4 structure. 

1.2.10 Orientation of strands 

The orientation of each strand within the G4 is defined by the 5'-3' directionality of the phosphate 

backbone. Depending on the orientation of the aromatic base towards the sugar, the guanines can 

adopt two different conformations within the G-quartet, syn and anti (Fig. 12A). When all the 

guanines have the same conformation, the strands possess the same polarity and the structure 

called parallel. However, if the guanines present different GBA (Glycosidic Bond Angles) 

conformations, 16 conformations are in theory possible for each G-quartet that will govern the 

orientation of the strands.51 Therefore, 16 orientations are possible grouped in 4 categories: (a) 

A parallel conformation containing 4 strands oriented in the same direction 5'->3', (b) a hybrid 

conformation (3+1) presenting 3 strands in the same direction and the 4th strand in the opposite 

direction, (c) an anti-parallel conformation with 2 adjacent stands oriented in the same direction 

and the others in the opposite direction, and (d) another anti-parallel conformation where 2 

adjacent stands are oriented in the opposite direction (Fig. 12B). 

1.2.11 Conformation of loops  

The intra-molecular and bimolecular structures generally present 2 or 3 loops respectively. The 

loops are the sequences located between the blocks of guanines and linked G-quartets. They 

present different conformations: (a) Diagonal loop connecting two anti-parallel strands, (b) 

lateral or edgewise loop connecting two anti-parallel adjacent strands, (c) propeller or chain 

reversal loop connecting two parallel adjacent strands and (d) V-shaped or snap-back loop 

connecting the wedges of G-quartet (Fig. 12C). The loops have an important impact on the 

conformational polymorphism and the stability of G4. The conformation of loops is remarkably 

dependent on the length of their sequences. In fact, loops containing one or several nucleotides 

have the ability to link more than two G-quartets.52 Short loops are usually external and favor a 

stable parallel conformation. However, longer loops give rise to anti-parallel conformation but 

with reduced stability of G4.53–56 The nucleotide type within loops plays also a role in G4 stability, 

the presence of adenine reduces remarkably their stability comparing to pyrimidines (C and T).57 
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1.2.12 Nature of cations  

The G4 interact with cations in two different manners: a specific interaction with the central ions 

inserted between G-quartets and an interaction with external ions which contribute to the partial 

screening of the negative charges of the phosphate backbone. The internal interaction was first 

evidenced by crystallography,58,59  where dehydrated cations are inserted between the carbonyl 

group of superior and inferior G-quartets. Recently, Sket et al demonstrated using NMR 

spectroscopy that smaller protons (1H) are able to exchange from one ammonium ion to another 

within d(G3T4G4)2 dimeric G4, while larger ammonium ions could not exchange through the 

central G-quartets.60 According to cation type, different structures of G4 were highlighted and 

resolved both by NMR and crystallography, mainly the telomeric G4 which can adopt several 

conformations. 

1.2.13 Intra-molecular G4 motifs 

The formation of intra-molecular G4requires DNA sequences containing at least 4 blocks of 

guanines with more than 2 guanines for each block separated with a variable number of 

nucleotides. This involves the formation of three single-stranded loops in the G4 structure in 

which the G-tracts would form continuous columns supporting the G-tetrad core, while the 

linkers would form loops connecting the corners of the G-tetrad core. The number of guanines in 

each block and the size of loops are critical for the stability of the structure. The measurements 

of thermodynamic stability according to the length of loops and the proximity of guanines within 

G4 led to the formulation of a consensus sequence capable of forming an intra-molecular G4 used 

in the search for putative quadruplex sequences (PQS) in the genome G3-5NL1G3-5NL2G3-5NL3G3-

5.53 To date, most of G4 structure resolved complies with this consensus. Nevertheless, it has been 

shown that several examples defy the description of this consensus.  

1.2.14 Bulges in G4   

As previously referred, exceptions to the consensus sequence have been reported by NMR and 

crystallography such as the sequence Pu24 from the human c-myc promoter61 and c-kit 87up 

from the human c-kit promoter.62,63 These two sequences show discontinuous disposition of 

guanines in one column of the G-tetrad core, despite the presence of four G-tracts each having at 

least three continuous guanines. The presence of bulges which are a projections of bases from 

the G-tetrad core have been observed. Recently, Phan et al have shown that many different bulges 
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can exist in G4 structure.64 They vary in their sequence, size, position and numbers within the 

G4.Expanding this description should help to identify more potential G4 forming sequences. 

 

Figure 12. G4 polymorphism. (A) Conformations of guanine base towards sugar, anti (in the right) and 

syn (in the left). Average Distances of H8-H1' corresponding to each conformation are showed in red. (B) 

Schematic representation of different G4 conformations according to the molecularity (Tetra-, bi- and uni- 

or intra-molecular), strand orientations (Parallel, anti-parallel and hybrid (3+1)).64 (C) Schematic 

representation of different loop conformations within G4 (Lateral, propeller, diagonal, V shaped and snap-

back loops).65 

1.3 Biological functions of G4  

1.3.1 G4 in silico evidence  

The ability of certain guanine rich sequences to form spontaneously intramolecular G4 structures 

in physiological mimicking conditions suggests their existence in vivo. Besides theses 

experimental observations, different in silico approaches were used to localize sequences 

susceptible of forming G4 within genomes of different species. Notably, the Quadparser 

algorithm66 allows to identify sequences respecting the following motif d(G3+N1-7G3+N1-7G3+N1-

7G3+). This program is usually used to identify putative quadruplex sequences (PQS) susceptible 

of forming G4 in human genome. Using Quadparser, more than 370000 sequences were detected. 

More recently, another tool representing an extension of Quadparser was developed.67 Together 

with predictive algorithm Quadparser, this data repository contains a large database of predicted 

G4 (QuadDB) in the human and other genomes. By limiting the number of successive G to 5 

nucleotides, the result obtained was nearly identical to that of Quadparser.68 The limitation of 
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loop length to 7 nucleotides, in favor to reduce the complexity of data processing suggests that 

such sequences are more widespread, as stable G4 can be formed with longer loops. 69 The 

potential for G4 DNA formation (G4P) is based on a more qualitative description. The sequences 

show at least four blocks of three guanines in a window of more than 100 nucleotides, with a 

slippery interval of 20 nucleotides. The G4P is defined as the percentage of hits in the total 

number of analyzed windows. More recent analysis showed that the density of PQS is higher in 

promoters close to the transcription start sites (TSS).  

The PQS density and the G4P are correlated with GC content of the genome. However, it is 

important to note that they are not correlated to the enrichment of CpG sites which requires the 

alternation of bases G and C rather than an asymmetry of G bases on one strand, and C bases on 

the other. Furthermore, the density of PQS is also correlated with the presence of DNase I 

hypersensitive sites (DHS). These sites are characteristic of regions undergoing transition by the 

opening of B-DNA and conformational changes in the promoters required for the activation of 

transcription. The G4 structures may have a role in Cis-Regulatory Elements (CREs) for 40 % of 

the human genome genes.70 In addition, a correlation between G4P and gene function was 

highlighted. Several functions mainly G-protein coupled receptor, sensory perception, 

nucleosome assembly, nucleic acids fixation, Ubiquitin cycle, adhesion and cell division are 

characterized by a low G4P. Furthermore, a high G4P is associated with functions such as 

development, immune response, activity of transcription factors, cell signaling, muscle 

contraction, growth factors and cytokines. It is also interesting to note that the tumor suppressor 

genes are characterized by low G4P, as opposed to proto-oncogenes that have a high G4P.71 These 

studies suggest that G4 could play dynamic roles within the cell. Besides studies in human 

genome, bioinformatics allowed to identify 854 PQS in Saccharomyces cerevisiae using an 

algorithm with a slippery window of reasonable size (< 50 nucleotides).72,73 Among others, these 

predictive tools are limited. The precise prediction of structure and stability for a new sequence 

remain inaccurate.74 The experimental data provided describe only the folding of the single 

strand, they do not take into consideration the presence of the complementary strand which 

favor the formation of DNA duplex. G4 forming requires the denaturing of DNA duplex, which 

occurs during replication, transcription or recombination phenomena.75 Only telomeric 

overhangs may form G4 structures without need to dissociate a complementary strand. 

Moreover, most of experimental observations are acquired in vitro conditions. Therefore, they do 

not take in account the interactions of G4 with biological partners mainly proteins such as 

helicases 76 and nucleases like topoisomerase I 77,78 and topoisomerase II.79 Even though limited, 
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the predictions performed in silico on different genomes, namely human,66 HIV 80 and 

Saccharomyces cerevisiae 73 genomes provide evidence that the G4 sequences are not randomly 

localized on genomes but they are specifically distributed in particular regions. 

1.3.2 Examples of G4 localization in genomes  

1.3.3 Promoters of genes 

The promoter is the region of the gene that is localized upstream to the transcription start site. 

They are often characterized by more richness in guanines and a nuclease sensitivity to DNase I, 

suggesting that B-DNA can be easily opened in these regions. According to the in silico analysis, 

more than 40 % of human genes contain at least one G4 motif within their promoters. 70 After 

the 

 

Figure 13: G4 in gene's promoters. Models of different G4structures formed in genes promoter regions 

resolved by NMR. Each model is defined by its PDB ID in the bottom. A) Structures formed in c-myc 

promoter. 1XAV: Parallel G4 formed in K+.81 2A5P: Parallel G4 formed in K+ with all anti guanines and a 

snapback 3'-end syn guanine.61 2LBY: Parallel G4 formed in K+.88 B) Structures formed in BCl2 promoter. 

2F8U: Hybrid G4 formed K+ in containing two lateral loops and one side loop.84 C) Structures formed in c-

Kit promoter. 2KYO: Monomeric parallel G4 formed in K+.89 2KYP: Dimeric parallel G4 formed in K+.90 

2O3M: Monomeric G4 formed in K+ containing two single-residue double-chain-reversal loops, a two-

residue loop, and a five-residue stem-loop.89 2KQG: Monomeric parallel propeller-type conformation G4 

formed in K+.91 Images generated using UCSF Chimera.32 
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telomeres, these regions are the most studied for their potential to form G4. The proto-oncogenes 

seem particularly to be enriched with PQS, contrary to tumor suppressor genes.71 The formation 

of intramolecular G4 have been studied in vitro for different sequences of these promoters, such 

as c-myc (Fig. 13A),61,81,82 bcl2 83,84 (Fig. 13B), c-kit62 (Fig. 13C) and in the human genome. Other 

proto-oncogenes are less studied such as Kras,85 VEGF.86 These proto-oncogenes are involved in 

different process namely the self-sufficiency for growth signals, insensitivity to anti-growth 

signals, sustained angiogenesis, evasion of apoptosis, tissue invasion and metastasis and limitless 

replicative potential (Fig. 14).87 

 

Figure 14. The six hallmarks of cancer shown with the associated G4 found in the promoter regions of 

genes, figure adapted from.92 

 

1.3.4 Minisatellites  

Minisatellites are DNA segments within the genome located mainly near the ends of 

chromosomes that consist of repeating sequences from 5 to 100 nucleotides. They are known by 
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their hypermutability and genomic instability.93 It was shown that they have as a generalized 

function to provide binding sites for recombination proteins in eukaryotes.94  

Certain Minisatellites sequences possess guanine rich repeated sequences and show their ability 

to form G4 structures. Amrane et al. solved the G4 structure formed by the conserved 26 

nucleotides guanine rich fragment of the CEB25 motif in K+, which form a monomeric propeller-

type parallel-stranded G4.95 Another structure of CEB1 minisatellite forming a dimeric-G4 was 

recently resolved.96 This formation of G4 is in agreement with the instability behavior observed 

in these genomic regions. 

1.3.5 Immunoglobulin class switching regions 

The genes coding the heavy chain of immunoglobulin undergo a biological mechanism called 

class switch recombination (CSR), which allows to bring the constant-regions portion close to the 

variable regions rearranged during B-lymphocyte differentiation. These regions are constituted 

of guanine rich degenerated repeats with a total length that varies between 1 and 10 kb. The 

ability of guanine rich motifs to form intermolecular G4 structures was showed for the first time 

in the CSR regions. The authors give their potential role at the telomeres, particularly during 

meiosis.97 

1.3.6 RNA Quadruplex 
  

G4 forming by RNA sequences containing several blocks of guanines is possible in both coding 

and non-coding RNA. It has also been shown that some G4 RNA possess remarkable stability.98–

100In addition, the formation of G4 RNA seems all more relevant since the RNA is single-stranded. 

Such structures could play key roles in their regulation and translation. G4 RNA can also be 

related to genomic stability and disease. The human fragile X syndrome is caused by the loss of 

FMRP protein ability to bind RNA or the repression of the gene FMR1 coding the protein. The in 

vitro selection of bound RNA by FMRP showed that the protein bind to G4-prone sequences.101 

Certain mRNA coding for proteins involved in the biology of neuronal and synaptic development 

can also form G4 structures.101,102 Bioinformatics studies demonstrated that the 5´ and 3´ 

untranslated regions of mRNA are G-rich. It has been supposed that the guanine-rich UTRs can 

fold into G4, which may play a role in the regulation of translation and degradation of RNA.99,103,104 

Recent studies reported that telomeric repeat-containing RNA (TERRA) folds into a parallel G4 

conformation; additionally, the parallel RNA G4 tends to associate and form higher-order 
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structure.105,106 TERRA could play important roles in regulating telomerase and in chromatin 

remodeling during cell development.107  

 

1.3.7 Telomeres 

The telomeres are a nucleoprotein complex localized at the end of each chromosome in 

eukaryotic cells.108 They play key roles in the protection of genetic material especially towards 

the double-strand breaks and the erosion due to cell division, and also protect it from the 

degradation by nucleases and from recombination phenomena.109,110 In addition to this role in 

protecting the genome, telomeres may also have a key role in anchoring the nuclear membrane, 

in chromosome segregation during mitosis and meiosis as well as in suppressing the expression 

of genes in sub-telomeric regions.111,112 It has been shown that the ends of chromosomes consist 

of tandem repeats rich in guanines.113 The first telomeric sequence have been described in the 

ciliate Tetrahemyna thermophila witch is constituted by the repetition of the motif d 

(GGGGTT)114,115 while in mammalian cells the repeat unit is d(T2AG3). Human telomeric DNA 

consists of approximately 2–10 kb of the double stranded sequence and a single stranded 3´ 

overhang of the G-rich strand, which is approximately 50-100 deoxynucleotides long.116,117 The 

yeast Saccharomyces cerevisiae is characterized by the repetition of the motif d(TG2-3(TG)1-6).118 

In fact, the presence of repetitive guanine rich motifs forming the overhang at 3' extremity of 

telomeres suggests that G4 formation is a common feature shared by most telomere 

sequences.119–123 These repeats form a complex with proteins of a wide range of functions. The 

DNA-protein complex is referred to as the telomeres.124–126 When the progressive erosion of 

telomeres over the generations is not compensated by an elongation mechanism, the 

proliferative capacity of the cells is limited, which prevents tumorigenesis. Indeed, in 85% of 

tumors, the ability of unlimited proliferation of tumor cells depends on the reactivation of a 

mechanism of telomere elongation, which usually occurs by the over-expression of telomerase. 

127,128 This makes telomerase a privileged target for the treatment of cancer. 40 The inhibitory 

effect of a G4 formed in the telomerase substrate on its activity in vitro has led to consider an 

indirect telomerase inhibition strategies by altering the structure of the substrate. Stabilizing a 

human telomeric G4 by a G4 ligand in vitro inhibits the elongation of a telomeric oligonucleotide 

by telomerase.129–131 These experiments greatly stimulated the interest of G4 as therapeutic 

targets and the development of small molecules able to stabilize G4 specifically. Antibodies that 

bind specifically to G4 have also been developed: these antibodies are able to detect G4 formation 

in genomic DNA and RNA of human living cells (Fig. 13A, 13B).132–134 These observations in 
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agreement with the experimental data obtained in vitro represent the most direct proof for the 

existence of G4 in vivo. These studies also suggest a possible role of G4 in the protection of 

telomeres. Another alternative structure of the telomere is the T-loop (Telomeric loop) arising 

from the invasion of the telomeric duplex by the 3' end of the single stranded (Fig. 13C, 13D).135 

T-loop would hide the telomeric ends by association with the telomeric proteins and could 

contribute to the protection of the telomere function. In vitro, T-loop forming is mediated by the 

protein TRF2 which is a component of the Shelterin complex. TRF2 binds directly to the telomeric 

DNA.136 

 

1.3.8 G4 structures of human telomeric DNA  

 
The 3' end of human telomeres finish with a single-stranded DNA G-rich overhang. 116 Therefore, 

the DNA of human telomeres can easily fold into a quadruplex structure. However, this single-

stranded is capped by proteins such hPOT1.137,138 Moreover, the human telomerase enzyme 

formed of the catalytic domain hTERT and the RNA template recognition domain hTRcap the 3' 

end in cancer cells. 113 Since the demonstration that telomeres could be promising for cancer 

treatment, the structural features of the telomeric G4 present a great interest. Several high 

resolution structures have resolved both by NMR and X-ray crystallography. An anti-parallel G4 

structure having a basket-like folding containing one diagonal loop and two lateral loops was 

obtained by NMR for the truncated 26 human telomeric d(AG3(T2AG3)3) sequence in sodium 

solution published in 1993 (Fig. 15: 143D).139 Recently, a new anti-parallel (2+2) structure 

resolved in sodium conditions comprises a novel core arrangement from the known topology 

(Fig. 15: 2MBJ). Unlike the low polymorphism observed in sodium conditions, a set of 

polymorphic structures was observed under physiological mimicking conditions rich in 

potassium. Several structures were obtained from very close sequences.  

Two different hybrid (3+1) G4 forms were observed with the sequences d(TAG3(T2AG3)3) 

and d(TAG3(T2AG3)3T2) in potassium solution. Both structures contain the (3 + 1) G-tetrad core 

with one double-chain-reversal and two edgewise loops, but differ in the successive order of loop 

arrangements within the G4 scaffold140 (Fig. 15: 2JSK, 2JSL, 2JSQ and 2JSM).The sequence 

A3G3(T2AG3)A2 and d(T2AG3(T2AG3)3T2) form hybrid structures differing only in the arrangement 

of loops, strands orientation and capping structures (Fig. 15: 2JPZ, 2HY9).123,141 Another structure 

resolved for the structure T2G3(T2AG3)A presenting (3+1) strand fold topology, two edgewise 

loops and double-chain reversal loop (Fig. 15: 2GKU).122,141 The substitution of guanosines with 

8-bromoguanosines at proper positions allowed to obtain more leaner NMR spectra and led to 
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resolve a new structure that is a mixed-parallel/anti-parallel G4 under physiological mimicking 

conditions (100 mM KCl and 3 mM NaCl)(Fig. 15: 2E4I).142 An anti-parallel structure very 

different from those already known was identified by NMR in a solution rich in potassium. It 

contains only two G-quartets and has a diagonal loop of five bases and two lateral loops (Fig. 15: 

2KF7, 2KF8).143 In addition to these folding observed in sodium or potassium optimized 

conditions, another all parallel propeller-type G4 structure was obtained under molecular 

crowding conditions (Fig. 15: 2LD8).144 More generally, the high structural diversity of the human 

telomeric motif in both potassium and sodium conditions clearly show that a particular structure 

is not only dependent on external factors, but its sequence context is crucial, especially that of 

the 5'and 3' ends. 

 

 

 

Figure 15. Human telomeric G4 polymorphism. Models of different structures adopted by the human 

telomeric sequence resolved by NMR. Each model is defined by its PDB ID in the bottom. 2JSK, 2JSL, 2JSQ 

and 2JSM: Hybrid G4 (3+1) in K+ containing two edgewise loops and double-chain reversal loop, two forms 

are observed from natural and mutated sequences (15BrG).140 143D: anti-parallel G4 in Na+, a unique 

basket type folding was observed with three stacked tetrads.139 2KF8, 2KF7: a two G-tetrad basket type G4 

formed by a natural and mutated sequence (7BrG).142 2GKU: Hybrid G4 (3+1) in K+.122 2HY9: hybrid G4 

containing a lateral and double-chain-reversal loops (113). 2JPZ: Hybrid G4.123 2MBJ: anti-parallel (2+2) 



Chapter 1: Introduction 

 

53 
 

G4 in Na+.145 2E4I: mixed parallel-antiparallel G4 under physiological mimicking conditions (100 mM K+, 3 

mM Na+) obtained with a mutated sequence contain several BrG substitutions.142 2LD8: propeller-type all 

parallel stranded G4 under molecular crowding conditions.144 Images generated using UCSF Chimera.32 

 

1.3.9 Biological G-Quadruplexes and their Function 

G-Quadruplexes are an emerging target for anticancer complex development and are presently 

attracting the attention of many research groups trying to find the best specific binder. In order 

to target such a structure, the rationale for G-quadruplex formation and the conditions under 

which this occurs need to be examined. G-quadruplex structures have been found throughout the 

human genome in telomeric regions, oncogene promoter regions, immunoglobulin switch 

regions and areas where mutation is high.41 The number of putative quadruplex sequences (PQS) 

that exist in the genome has been studied by Huppert and Balasubramanian.66 Together they 

developed the 'folding rule' with the formula d(G3+N1–7G3+N1–7G3+N1–7G3+) which is used in a 

computer generated quadparser algorithm.66 The results after the analysis of the whole human 

genome with the quadparser algorithm found 376,000 PQS that may be capable of forming G 

quadruplexes.66 Telomeres, consisting of a simple repeat sequence, were found to account for 

around 20,000 of the PQS found.66 This indicates that there is likely to be many more 

quadruplexes found in other areas such as oncogene promoter regions.66 

1.3.10 Telomeric DNA 

Chromosome ends are protected by a single stranded DNA sequence (telomere) that holds no 

genetic information, unlike the rest of the chromosomal DNA. 110 Telomeres are necessary due to 

the nature of the replication process because after every successive cycle the DNA is shortened.146 

They also prevent the ends from being recognized as broken DNA and being 'stuck together' by 

specific repairing proteins.146  When DNA unwinds in order to replicate, one strand becomes the 

leading strand and the other the lagging strand. This occurs because DNA polymerase III (an 

enzyme that builds the new strand in humans) synthesizes in the 5’→ 3’ direction which is the 

same direction that the DNA is being unwound.147 Therefore the strand being created in the 

direction of unwinding is the leading strand and the strand running in the opposite direction has 

to be synthesised in fragments (Okazaki fragments) hence called the lagging strand.147  

Human telomeric DNA is made up of a repeat base sequence, 5'-TTAGGG-3', which varies in length 

between 5 and 10 kilobases.148,149 The guanine rich nature of this segment of DNA means it is able 

to fold into the intramoleculary stable G-quadruplex structure and has been proven to do so 
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under cellular conditions.134 The formation of G-quadruplexes is particularly useful in this area 

as it is believed that their formation inhibits the action of the enzyme telomerase which acts to 

extend the length of the telomere by adding on TTAGGG repeats to the ends of the DNA.150 

Telomerase is essential for the lifespan of frequently replicated cells such as white blood cells 

and embryonic stem cells. However, in tumour cells it becomes over-expressed and indeed it is 

up regulated in 85-90% of cancers.150 This normally occurs when a mutated form of DNA has 

reached a critical length and instead of undergoing apoptosis telomerase is introduced and the 

system continues to replicate indefinitely (Fig. 16).151 

 

Figure 16. Summary of telomerase presence and its consequence. 

 

1.3.11 Oncogene Promoter Regions 

Other areas of DNA that possess G-quadruplex motifs can be found in oncogene promoter 

regions.152 This region of DNA can be found upstream of a gene (5' end) and is the control point 

for regulated transcription.92 Specific DNA sequences can be recognized by specific proteins 

leading to the activation of RNA polymerase and the creation of RNA from the coding part of the 

gene.92 Mutated genes that have the potential to cause cancer are called oncogenes. Their 

transformation leads to the abnormal regulation of cellular processes which can result in the loss 

of control of growth signals, the disruption of anti-growth signals, avoidance of apoptosis, 

continuous angiogenesis, unlimited replication abilities and metastasis.92 Stable G-quadruplexes 

are able to form in oncogene promoter regions and as a consequence they can be linked to the 

genes altered expression when associated with critical proteins (Fig 17).92,153 
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Figure 17. A. The binding of proteins CNBP (zinc finger protein 9) and hnRNP K (heterogeneous nuclear 

ribonucleoprotein K) to a promoter region causing transcription to be turned on, B. When the G-

quadruplex and also i-motif are able to form in the G-rich sequences the protein can no longer bind and 

transcription is turned off. [Reproduced from Ref 154] 

 

The structural diversity of G-quadruplex structures due to differing loop lengths, loop bases and 

folding patterns in the different oncogene gene promoter regions, potentially allows selective 

targeting to be accomplished.153 Examples of specific oncogene promoter regions where G-

quadruplex formation is beneficial to their regulation are shown in table 1. 
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Table 1 Examples of oncogene DNA regions where G-quadruplexes are able to form due to their guanine 

rich compositions and the transformations that occur due to deregulation of the oncogene. 

 

Promoter 
Region 

Effect of 
Transformation 
(Deregulation) 

Quadruplex Effect 

c-myc, c-kit 
and KRAS 

Loss of control of 
growth signals 

The formation and stabilization of G-quadruplexes in 
these areas causes gene silencing, therefore preventing 
the activation of a specific process such as 
uncontrolled cell growth.92 

pRb Disruption of 
anti-growth 
signals 

If an oncogenic protein binds to this DNA region it can 
stop the tumour repressor protein from being 
transcribed which would normally prevent excessive cell 
growth. G-quadruplexes formed in this region help to 
prevent the binding of oncogenic proteins preventing 
insensitivity to tumour growth.153 

Bcl-2 Avoidance of 
apoptosis 

Up regulation can play a role in the resistance of 
conventional cancer treatments and deregulation of cell 
death.155 G-quadruplex formation upstream of the P1 
promoter can help prevent Bcl-2 transcription.155 

hTERT Uncontrolled 
replication 

Stabilization of G-quadruplexes formed in this area leads 
to the inhibition of gene expression.155 This directly 
inhibits telomerase expression instead of preventing 
actual telomerase binding to the telomeres.155 

PDGF-A Metastasis This gene plays and essential role in cellular growth, 
proliferation, differentiation and development which 
when over expressed causes tumour growth.156 DNA G-
quadruplexes formed in this region of the human gene 
promoter have also been found to inhibit transcriptional 
activity.156 

 

The formation of quadruplexes which turn on and off transcription factors can be better 

understood when considering the well-studied oncogene c-myc.154 C-myc expression has been 

linked to several cancers including breast, cervix, colon, small cell lung cancers, glioblastomas, 

osteosarcomas and myeloid leukemias.154,157 As a proto-oncogene it has a crucial role in the 

regulation of cellular processes controlling cell growth, cell cycle progression and apoptosis.158 

Strict regulation of c-myc transcription is essential for the role it plays in biological processes.158 

Deregulation can occur when there are alterations in upstream promoter region signaling 

pathways which in turn leads to an increase in transcription.158 

The formation of quadruplexes which turn on and off transcription factors can be better 

understood when considering the well-studied oncogene c-myc.154 c-Myc expression has been 

linked to several cancers including breast, cervix, colon, small cell lung cancers, glioblastomas, 
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osteosarcomas and myeloid leukemias.154,157 As a proto-oncogene it has a crucial role in the 

regulation of cellular processes controlling cell growth, cell cycle progression and apoptosis. 158 

Strict regulation of c-myc transcription is essential for the role it plays in biological processes.158 

Deregulation can occur when there are alterations in upstream promoter region signaling 

pathways which in turn leads to an increase in transcription.158 

 

 

 

Figure 18. The unwinding of supercoiled DNA demonstrated with a Del4 wild type plasmid with NHE III1 

element showing the difference between the supercoiled and partially relaxed forms that occur during 

negative super helical stress. [reproduced from reference159] 

 

The c-myc promoter region DNA is able to exist in alternate forms to the normal double helical 

B-DNA structure.159 The transition from B-DNA to single stranded DNA and other non-B-DNA 

forms such as G-quadruplexes and the i-motif can only occur when accompanied by localized 

unwinding or melting of the double helix.159 Negative supercoiling stress under winding (Fig. 18) 

facilitates this unwinding (melting) process which is naturally formed behind the RNA 

polymerase complex during gene transcription.159,160 The area of most interest in the c-myc 

promoter region is the nuclease hypersensitive element III1 region (NHE III1) as it is here where 

the G-quadruplexes have the ability to form.154 The slow equilibrium between duplex B-DNA, 

single stranded DNA and tetra stranded DNA is essential for controlling the binding of proteins 

in this area as up to 90% of c-myc transcription has been shown to be regulated by this part of 

the gene. 
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1.3.12 Proteins that Bind G-Quadruplexes 

In the oncogene cases put forward so far the formation of the G-quadruplex structure prevents 

the binding of proteins, which require a single stranded binding site, and in doing so are able to 

alter transcription. There are however proteins that favour G-quadruplex binding over other 

types of DNA conformations. Interactions with some proteins help to stabilize the G-quadruplex 

structure and are reported to play a role in transcription and the control of cellular cycles. RecA 

is one such repair protein that catalyses DNA strand exchange reactions between homologous 

double stranded DNA and single stranded DNA (homologous recombination).161 The RecA 

protein is able to bind to single stranded DNA forming a nucleoprotein and it is this ATP 

dependent process that maintains genomic stability in both prokaryotic and eukaryotic cells.161  

More than 50% of the total genomic DNA is made up of repeat DNA sequences many of which 

form the majority of non-B DNA type structures.161 Research into RecA-DNA interactions has 

been primarily focused on single stranded DNA that is able to form duplexes; understanding the 

interactions that evolve between proteins and non-B DNA forming sequences could be more 

biologically important.161 Further research has found that a labelled human telomeric sequence 

can preferentially bind to a RecA protein in the presence of K+ ions in its G-quadruplex state over 

its single stranded from (Fig. 19).161  

 

Figure 19. Escherichia coli RecA protein and dye-labelled human telomeric sequence (Cy5-5′-TAGGG-

(TTAGGG)3-TT-3′-Cy3) binding preferences with and without the presence of K+ ions. [Reproduced from 

Ref 161] 
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The nucleoprotein structure formed between the RecA protein and the single stranded telomeric 

sequence (in the absence of K+ ions) will dissociate in the presence of K+ ions with the single 

stranded sequence folding into its G-quadruplex structure before again forming a nucleoprotein 

structure with the RecA protein.161 

 

Another G-rich sequence of interest (5’-GGTTGGTGTGGTTGG-3’) that folds into an antiparallel G-

quadruplex structure, TBA (thrombin binding aptamer), is of particular interest as it is known to 

bind specifically to the protein thrombin (a coagulation protease) inhibiting it (Fig. 20).162 Under 

molecular crowding conditions in a cell mimicking environment (reflects osmotic pressure which 

changes in live cells where altering water activity can affect biomolecule hydration); binding 

experiments were conducted to examine the thermodynamics of TBA-thrombin interaction.162 

The investigation revealed that both the binding affinity of the TBA-thrombin interaction and the 

G-quadruplex stability decrease when conducted in molecular crowding conditions.163 This leads 

to the assumption that water is required for G-quadruplex-protein binding.163 

 

 

Figure 20. Structure showing the interaction between G-quadruplex (TBA) and thrombin. Binding occurs 

through two TT loops and one TGT loop of the quadruplex. [Reproduced from Ref 163] 

 

This type of binding system can be exploited in order to provide a sensor for thrombin at low 

detection limits.163 Hemin is an iron-containing porphyrin (Fig. 21) which has been found to bind 

to TBA in an end stacking mode interacting through electrostatics and hydrophobic interactions, 

resulting in a complex with horseradish peroxidase type activity.163 The complex formed between 

the DNA and hemin is known as a DNAzyme and has been used for the detection of metal ions, 

small molecules, DNA and proteins.164 
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Figure 21. Structure of hemin, chloro (protoporphyrinato) iron (III). [Reproduced from Ref 165] 

 

The TBA-hemin system is particularly useful as it is able to catalyse the H2O2 mediated oxidation 

of potential fluorophores.  In the presence of thrombin the activity of the TBA-hemin system is 

further increased giving rise to a strong fluorescent emission signal.166 Advantages of 

fluorescence detection include low reagent concentrations as the method is highly sensitive, 

simple experiment set up and quick result turnaround.166 This system therefore is very attractive 

in the generation of biological sensors.166 The potential fluorophore of interest is that of thiamine 

which is itself non-fluorescent however after oxidation with H2O2 it transforms to the strongly 

fluorescent compound thiochrome (Fig 22).166 

Using this method of fluorescence detection for thrombin, concentrations as low as 1 pM can be 

recorded creating a highly sensitive thrombin aptasensor.166 This type of interaction can also be 

exploited in nano device protein sensors.161,163 
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Figure 22. The production of fluorescent thiochrome through the hydrogen peroxide mediated oxidation 

step initiated by the formation of TBA-hemin complex and thrombin. This results in the fluorescent 

detection of thrombin. [Reproduced from Ref 167] 

1.4 G4 ligands  

As previously mentioned, G4 are highly polymorphic and are susceptible to be formed in different 

key genomic regions, mainly in telomeres and gene promoters. Even if the existence of G4 in vivo 

is not absolutely demonstrated, the biological effects of selective G4 ligands have to be taken into 

consideration. As referred before, telomerase is up-regulated in 85% of cancer cells, this 

perturbation leads cancer cells to become immortal.119,168 Consequently, inhibiting telomerase 

would be a suitable approach for anti-cancer therapy.40,169-171 For blocking the active site of 

telomerase, different inhibitors have emerged.172 An alternative approach would be to target the 

substrate of telomerase, which is the 3' end of the single-stranded telomeric DNA overhang. To 

catalyze the elongation of the telomeric sequence by adding d(T2AG3) units, telomerase requires 

the single-stranded DNA. Hence, the development of G4 ligands that stabilize or induce G4 

formation from the 3' single-stranded overhang may prevent telomerase from catalyzing the 

elongation of telomeres which could be promising for cancer treatment.173 The G4 stabilization 

by G4 ligands is often resulting from π-π stacking and electrostatic interactions.174 Usually, the 

development of G4 ligands has been mainly based on polycyclic planar small compounds with 

positively charged substituents, these particularities lead to the compound stacking on top of the 

planar G-tetrads, as has been reported by several structural studies of G4-ligands complexes.175–

177 To be more selective, the interacting aromatic surface of ligands have to be larger than DNA 

duplex binders in order to optimize G-quartet covering and to disfavor the DNA duplex binding. 

The positively charged ligand are able to interact more strongly with the negatively charged 
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phosphate backbone of DNA and contribute to stabilization. Hence, to develop a G4 ligand, it is 

not enough to investigate scaffolds which interact strongly with G4 structures. The main criterion 

for molecules to be considered as G4 ligand candidate is to show a high selectivity for G4 

structures comparing to other DNA forms, particularly the duplex. Besides the targeting of the 

planar G-quartet, other structural features of G4 have to be taken into account particularly 

grooves and loops. The channel bearing monovalent cations such as K+, Na+ and NH4
+ stabilizing 

the G4 structure is also concerned by the interaction. Concisely, the G4 ligands can be ranked into 

different groups according to their modes of interaction: interactions of π or end stacking with 

the terminal G-quartet of G4, hypothetical intercalation of ligands between G-quartet, 

interactions with grooves and interactions with loops or combination of the two last modes. 

Among the interaction types, the intercalation of ligands between G-quartets seems unlikely 

since the unstacking of two G-quartets and the diversion of a cation coordinated between them 

is energetically unfavorable.41 

1.4.1 π-π stacking interaction with G-quartets  

Most of G4 ligands target the invariant part of the structure, the G-quartet, and also possess a 

large aromatic surface favorable to the interaction with the large hydrophobic surface 

constituted by the G-quartet. The binding is mediated by the electronic orbital π from the 

aromatic groups belonging to the ligand and the G-quartet. However, the conception of such 

molecules with large and planar surfaces containing several aromatic cycles affect their solubility 

in aqueous conditions. To improve the solubility of ligands, positive charges may be added to the 

molecule. As a consequence, the stabilization of G4 is based on the π stacking interaction between 

aromatic surface of the ligand and planar surface of the G-quartet and reinforced by electrostatic 

interactions between positive charges of the ligand and negative charges of the G4. Different ways 

can be employed to protonate the ligand mainly the quaternization of amine side-chains via in 

situ protonation, the aromatic N-methylation, the generation of neutral macrocyclic ligands and 

the chelation of metal cation such as Nickel and Manganese.174 

1.4.2 In situ protonated ligands  

As we refer before, the G4 ligands have to conceive large flat aromatic systems prone to π stacking 

with G-quartet platform, while retaining reasonable water solubility. A classical way is to 

introduce a protonated side chain at neutral pH by usually adding amine groups around an 

aromatic core. Thus, the generated molecules are water soluble containing charges distant from 

aromatic core. Several G4 ligands were generated following this strategy such as Braco-19, 
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Quindoline, MMQ1, PIPER and a L2H2-6M(2)OTD which is a telomestatin derivative generated 

by adding protonated side chains to telomestatin (Fig. 23). Different structural studies and 

structures resolved by X-ray crystallography or NMR showing the interaction between these 

ligands and G4 have been done. Braco-19 shows an interaction dictated by hydrophobic π 

stacking interactions between the flat aromatic core of the ligand and two guanine residues of 

the accessible G-tetrad. Electrostatic interactions between the three protonable side chains of the 

ligand and the G4-grooves were also highlighted.177 The main technique widely used to 

appreciate the affinity of G4 ligands for their targets is the FRET melting assay developed by Jean-

Louis Mergny in 2000.178 In this test, the binding affinity is correlated with the increase in melting 

temperature (Tm) of a fluorescently labeled G4. In this test, Braco-19 confers a stabilization of 

27°C to the human telomeric quadruplex in the FRET-melting test. It exhibits a fair selectivity 

(31x) for G4 over duplexes as demonstrated by SPR and displays also an important inhibition 

effect on the telomerase enzyme.40,178,179 MMQ1 (Meta-quinacridine n-propylamine) is a 

pentacyclic quinacridine that displays a crescent shape likely to maximize the overlap with the 

guanines of the accessible G-quartets. 

 

 

Figure 23. Chemical structures of G4 ligands generated by in situ protonation strategy. BRACO-19 is 

a 3, 6, 9-trisubstituted acridine. PIPER is N, N'-disubstituted perylene diimide. MMQI is a Meta-quinacridine 

n-propylamine and telomestatin. 

The NMR structure of the complex formed between MMQ1 and the tetramolecular G4 d 

(TTAGGGT)4 shows ligand binding on the terminal G-quartets of the G4 with a stoichiometry of 

2:1. The interaction is mediated by π stacking of the aromatic surfaces and electrostatic 
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interactions between the side chains of the ligand and the loops of the G4 (Fig. 24).180 PIPER 

ligand or perylene diimides is also a G4 ligand: NMR structural studies have demonstrated that 

PIPER can interact with a tetramolecular G4 by π stacking on the 3' terminal G-quartet. 

Interestingly, it is also able to be sandwiched between two G-quartet of different G4 inducing 

dimerization of d[TTAGGG]4 G4. Moreover, PIPER has an important inhibitory effect on 

telomerase enzyme.181 NMR studies of the interaction between c-myc G4 and quindoline 

compound indicates that binding of quindoline increases the stability of the c-Myc G4 by more 

than 15 °C in its melting temperature at a stoichiometry of 2:1 as showed by 1D NMR-melting. 

The NMR structure resolved between the two partners demonstrates that two quindoline 

molecules bind c-myc G4 by π-π stacking generating a complex in which one quindoline covers 

the top guanine tetrad and another covers the bottom guanine tetrad.180 Recently, Chung et al 

solved the structure of the complex formed between an intramolecular (3+1) human telomeric 

G4 and a telomestatin derivative by NMR. The ligand was observed to interact with the G4 by π 

stacking and electrostatic interactions (Fig. 24).182 

 

Figure 24. Models of G4-in situ protonated ligand complexes. Each model is defined by its PDB ID in 

the bottom. 2JWQ: Structure of the complex formed between d(TTAGGGT)4 and MMQ1 ligand.180 2L7V: 

Structure of the complex formed between c-myc promoter sequence TGAG3TG3TAG3TG3TA2 and 

Quindoline compound.183 2MB3: Structure of the complex formed between Human telomeric sequence 

T2G3T2AG3T2AG3T2AG3A and Telomestatin derivative compound L2H2-6M (2) OTD.182 Images generated 

using UCSF Chimera. 32 

1.4.3 Aromatic N-methylated ligands  

Another way of protonation is to use N-methylated ligands. Such strategy confers a good water 

solubility to the molecule without the need to add cationic side chains and increase the π stacking 

ability of the ligand by reducing the electron density of the aromatic part. The most known G4 

ligands developed by this approach are the TMPyP4, 360A, Phen-DC3 and RHPS4 (Fig. 25). 

TMPyP4 is a tetra-cationic porphyrin that inhibits telomerase and possess a high affinity for G4 
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DNA with a stabilization of 17° Cas showed by FRET-melting, it is also able to regulate the 

expression of oncogenes such as c-myc and K-ras.182,184 Different structural studies were 

performed to describe the interaction mode of TMPyP4 ligand with G4. The NMR structure of the 

TMPyP4 complexed with c-myc G4 showed the stacking of the porphyrin onto the external G-

quartet.61 The X-ray structure of the complex formed between TMPyP4 ligand and telomeric G4 

surprisingly showed an external stacking onto TTA loops without any direct contact with G-

quartets.185 The pentacyclic acridine RHPS4 was identified as G4 ligand, this molecule interacts 

with the parallel telomeric G4 d(TTAGGGT)4 by π stacking with a stoichiometry of 2:1.176 Besides 

these ligands an important family of compounds based on the scaffold of PDC (bisquinolinium 

pyridodicarboxamide) was also developed.186 The compound 360A is the most known, it confers 

a stabilization of 23°C for the intermolecular telomeric G4. It also has a very high affinity for the 

telomeric G4 d(AGGG(T2AG3)3) and affinity for the DNA quadruplex 20 times higher than DNA 

duplex.169,170 To improve the G-quartet covering by PDC compounds, the structure of PDC was 

modified by the replacement of the central pyridine by a phenantroline generating PhenDC family 

compounds, the selectivity of these compounds is higher than PDC ligands .171 Recently, Chung. 

et al solved by NMR the complex formed between Phen-DC3 and an intramolecular G4 derived 

from the c-myc promoter. Structural study revealed that Phen-DC3 interacts with the quadruplex 

through extensive π-stacking with guanine bases of the top G-tetrad (Fig. 26).187 

 

 

Figure 25. Schematic presentation of the chemical structures of G4 ligands generated by N-methylation 

strategy. 
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Figure 26. Models of G4-N-methylated ligand complexes.  Each model is defined by its PDB ID in the 

bottom. 1NZM: Structure of the complex formed between d (TTAGGGT) 4 and RHPS4 ligand. 176 2A5R: 

Structure of the complex formed between c-myc promoter sequence TGAG3TG2IGAG3TG4A2G2 and TMPyP4 

compound.188 2MGN: Structure of the complex formed between c-myc promoter sequence 

TGAG3TG2TGAG3TG3GA2G2 and Phen-DC3 compound. Images generated using UCSF Chimera.32 

 

1.4.4 Neutral and negatively-charged macrocyclic ligands  

Surprisingly, certain ligands possess a good affinity for G4 while they are not positively charged. 

The interaction of these compounds would be guided by covering the G-quartet with the ligand 

surface and π stacking interactions. The most famous ligand of this limited group is telomestatin 

which is a natural compound extracted from Streptomyces annulatus.189 Telomestatin stabilizes 

human telomeric G4 and shows a high selectivity for G4 structures, 172  it displays an important 

inhibition of telomerase activity. Other analogues has also been developed such as HXDV 

conferring to G4 structures a stabilization close to 20°C. 172 Even more surprising is the 

observation that negatively charged compounds may have a good affinity for G-quadruplex. N-

methyl mesoporphyrin IX (NMM) has a strong affinity for some quadruplex conformation despite 

being negatively charged (Fig. 27). 
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Figure 27. Schematic presentation of the chemical structures of G4 neutral and negatively-charged 

macrocyclic ligands. Telomestatin, HXDV and NMM as representatives. 

 

1.4.5 Metallo-organic ligands  

The design of metallo-organic molecules is also proposed for the development of G4 ligands. This 

approach is based on the insertion of a central metal cation which can be integrated on the ionic 

channel of the G- quadruplex. The cationic nature of these molecules helps to improve the 

association of the ligand with DNA G4 negatively charged, it allow also to optimize π stacking 

interaction between the two partners.190 For instance, Ni-salphene showed an important affinity 

for telomeric G4 conferring a stabilization higher than 30°C191 and Mn-porphyrine displaying a 

very high affinity for the telomeric G4 (Fig. 28).192 

 

Figure 28. Schematic presentation of the chemical structures of some G4 metallo-organic ligands. 

 

1.4.6 Ligands of grooves and loops  

In comparison with duplex DNA, DNA G4 is characterized by the presence of 4 grooves and a large 

variety of loops. The recognition of grooves and loops confers a high selectivity to G4 DNA. 

Distamycin A (Fig. 29A) represents the most known ligand of this family.  
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Figure 29. Model of G4-ligand complex showing groove interaction mode. A) Schematic presentation 

of the chemical structures of Distamycin A compound. B) PDB Model 2JT7: Structure of the complex formed 

between d(TGGGGT)4 and Distamycin A. Image generated using UCSF Chimera.32 

 

NMR and thermodynamic studies demonstrate that distamycin A is able to interact with grooves 

of the intermolecular G4 d[TGGGGT]4 with a stoichiometry of 4:1. Its crescent shape facilitates 

the insertion in grooves through the 4 hydrogen bonds established with guanines (Fig. 29B).193,194 

Gai et al have shown the ability of DMSB cyanine day (2, 20-diethyl-9-methyl selenacarbocyanine 

bromide) to interact with parallel-stranded G4 d[TGGGGT]4 in the form of monomer and dimer 

in different sites. The dimer binding is a dual-site simultaneous binding mode, which is different 

from normal modes (such as end-stacking or pure groove-embedding). This kind of binding mode 

involves the recognition of two unique structural features of G4: a terminal G-tetrad and a 

groove.195 

1.5 Summary and Thesis Aims 

G-quadruplexes (G4s) are nucleic acids secondary structures that may form in single-stranded 

guanine (G)-rich sequences under physiological conditions.196,197 Four Gs bind via Hoogsteen-

type hydrogen bonds base-pairing to yield G-quartets, which in turn stack on top of each other to 

form the G4. G4s are highly polymorphic, both in terms of strand stoichiometry (forming both 

inter- and intramolecular structures) and strand orientation/topology. The presence of K+ 

cations specifically supports G4 formation and stability.198,199 In the human genome G4 DNA 

motifs have been found in telomeres, G-rich micro- and mini-satellites, up-stream to oncogene 

promoters and within the ribosomal DNA (rDNA).200–202 Human G4 DNA motifs are over-

expressed in recombinogenic regions, 203,204 which are associated with genomic damage in cancer 
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cells. Additionally, these regions show mutational patterns that preserve the potential to form G4 

DNA structures.205 The identification of G4 binding proteins206 and G4 visualization in cells with 

antibody-based technology37,207 have also provided convincing evidence of the existence of 

cellular G4s in vivo, prevalently in tumours compared to normal tissues.208 More recently, 

research on G4s has also focused on prokaryotes209 and viruses. Indeed, G4s have been found to 

control key viral steps 41 and treatment with G4 ligands has shown to impair viral replication.210  

Due to the possibility to target pathogenic pathways by stabilizing G4 structures, several G4 

binders have been developed. In particular, ligands targeting tumour mechanisms at the telomere 

and oncogene promoter level have been reported.211 These share an aromatic core and 

protonable side chains. Some of these compounds showed interesting antitumor properties; 

nevertheless, only quarfloxin proceeded into Phase II clinical trials. Unfortunately, its limited 

bioavailability prevented further progress. 211 The success of tumour targeting through a G4-

binding mechanism heavily relies on the sustainable identification structures.205 The 

identification of G4 binding proteins 212,213 and G4 visualization in cells with antibody-based 

technology 37,214 have also provided convincing evidence of the existence of cellular G4s in vivo, 

prevalently in tumours compared to normal tissues.208 More recently, research on G4s has also 

focused on prokaryotes209 and viruses. Indeed, G4s have been found to control key viral steps209 

and treatment with G4 ligands has shown to impair viral replication.210 Due to the possibility to 

target pathogenic pathways by stabilizing G4 structures, several G4 binders have been developed. 

In particular, ligands targeting tumour mechanisms at the telomere and oncogene promoter level 

have been reported.211 These share an aromatic core and protonable side chains. Some of these 

compounds showed interesting antitumor properties; nevertheless, only quarfloxin proceeded 

into Phase II clinical trials. Unfortunately, its limited bioavailability prevented further 

progress.178  

The work of this thesis focuses on the targeting of G-quadruplexes, where a simple binder has 

been designed that, has the potential to bind specifically to G-quadruplex forming 

DNA.  Fragment based drug design approach will be used in these studies to generate hit and its 

optimization with fragment expansion strategy. The design incorporates indoles and azaindole 

heterocycles which is able to create a large planar π surface area with linked pyrrolidine side 

chains with aliphatic alkyl linkers (which impart cationic charge) to create a complex that is able 

to bind by stacking onto the terminal G quartet of a G-quadruplex structure. It is hoped that by 

attempting this fragment based drug design and screening novel series of small drug like 

molecules can be synthesized and enhanced selectivity will be obtained.  The interactions of the 
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hit generated based on fragment screening approach with both duplex and quadruplex forming 

DNA will be investigated using fluorescent indicator displacements to determine selectivity using 

thiazole orange, followed by molecular docking analysis and NMR spectroscopy to monitor 

changes in the quadruplex spectrum as complex is added. The ability of the binder to interact 

with c-MYC promoter DNA quadruplexes will also be investigated along with cytotoxic assays, 

western blot analysis and cell cycle analysis on cervical cancer cell lines.  
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Chapter 2 A Fragment-Based Approach for the Development of G-Quadruplex Ligands 

2.1 The Drug Discovery Process 

 

Drug discovery is the process through which potential new medicines are discovered. The 

process from initial hit to marketable drug can often take between 10-15 years and in 2014 the 

average cost to develop a new drug was estimated at US$2.6 billion.1 The two main approaches 

to discover new drugs are phenotypic drug discovery and target-based drug discovery. The 

general principle of early stage target-based drug discovery is depicted in figure 30.2 Modern 

methods for the discovery of new drugs involve rational drug design and often begin with initial 

target identification. A target is usually a gene, protein or nucleic acid, which is connected to a 

particular disease. Identifying a ‘drugable’ target is important in order to develop a successful 

drug. A ‘drugable’ target is one that can be accessed by the potential drug compound and which 

produces a biological response upon binding of the drug molecule. The identified target must 

then be validated and shown to be critical in the disease process. As target, validation confirms 

that interaction with the target results in the desired effect on the disease this step is necessary 

to ensure that during the drug development process, there is the potential to access a safe and 

effective drug and therefore a drug discovery effort can be justified. 

 

Figure 30. General process of the early stages of target-based drug discovery.2 

The next step, hit identification, is to discover a molecule that binds to and interacts with the 

chosen target. A library of compounds is screened against the chosen target and any suitable hits 

can be grown and developed into larger lead-like compounds. There are a variety of screening 

techniques that can be employed such as high-throughput screening, fragment based screening 

or a virtual screen. Once a hit series has been defined, the ‘hit to lead’ stage of the development 

process is performed. Compounds in the hit series are optimised to improve potency and 

selectivity, often achieved through functional group modification. The identified lead compounds 

are then modified further to improve the physico-chemical and biological properties making the 

molecules more effective and safe, and therefore viable drug candidates. The optimised 

compounds are then taken through the drug development process starting with preclinical then 

clinical testing.2 
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2.1.1 Desirable Drug-like Properties of a Drug Candidate 

The discovery of novel potent drug molecules is a major challenge and as described above is a 

lengthy and expensive process. In the USA only 1 in 1,000 drug candidates which begin preclinical 

testing advances through the process to clinical trials and only 10% of the drugs in phase 1 

clinical trials will be approved by the Food and Drug Administration (FDA) and advanced onto 

the market.3 In 1991 adverse bioavailability and pharmacokinetic properties were the main 

causes of drug attrition within the pharmaceutical industry. However by 2000 the majority of 

drug candidates failed for reasons including toxicity and efficacy as well as commercial factors, 

and between 2011 and 2012 the main causes of drug attrition were still safety and efficacy.4–6 In 

addition to poor toxicity, safety indirectly causes drug failures by causing the compound dosage 

in humans to be limited, preventing adequate exposure. In 2014, Hay reported that the majority 

of drugs that failed in clinical trials between 2003 and 2011 did so in phase 3 or during 

submission to the national regulatory authority.3 In addition, Arrow smith reported that between 

2011 and 2012 around 52% of drugs that failed in phase 3 clinical trials did so due to poor 

efficacy.5 For these reasons, the pharmacokinetic and physicochemical properties of a potential 

drug candidate should be considered alongside biological activity.  

 

2.1.2 Guidelines for Desirable Physicochemical Properties 

 

The link between physicochemical properties and aspects of “drug-likeness” of a molecule was 

first identified in 1997 by Lipinski who reported guidelines for the physicochemical properties 

of orally available drugs, known as the “rule of 5”. These guidelines stated that compounds with 

a molecular weight less than 500 Dalton’s, lipophilicity (LogP) less than 5 and no more than 5 H-

bond donors or 10 H-bond acceptors were more likely to be absorbed within the body and 

therefore become a marketable drug.7 Over time these guidelines, intended to predict oral 

absorption, have been used to define the limits of drug like space, however they do not identify 

compounds with toxicological risks. As such, modifications of these guidelines have been 

reported to identify molecules in more general drug-like space. Gleeson reported that molecules 

with a clogP < 4 and a molecular weight < 400 Daltons (the GSK 4/400 rule) have more favourable 

ADMET profiles.8 ADMET refers to absorption, distribution, metabolism, excretion and toxicity. 

Compounds with issues relating to these pharmacokinetic properties often require further 

studies before approval by the national regulatory authority, emphasizing the importance of 

being able to predict these properties. Similarly Hughes reported the Pfizer 3/75 rule which 

indicated that compounds with clogP < 3 and polar surface area > 75 Å showed less toxicity and 
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therefore greater safety in pre-clinical trials.9 Polar surface area (PSA) is the sum of the surfaces 

of polar atoms in a molecule and this measurement has been shown to correlate with molecular 

transport properties such as intestinal absorption.10 Calculation of PSA is often time consuming 

and computationally demanding as the 3-dimensional geometry of the molecule needs to be 

considered and the surface determined, however in 2000 Ertl developed a method to calculate 

PSA based on topological information, TPSA.10 TPSA was based on the summation of surface 

contributions of the polar fragments within a molecule and allowed for a fast virtual 

bioavailability screen of a large number of compounds. 

2.1.3 The Importance of Controlling Physico-chemical Properties 

 

Molecular weight (MW) and lipophilicity are two influential properties on the success of a drug 

compound.11 Molecular weight is often added during the optimization stage to increase the 

potency of a drug, however this may result in reduced solubility and permeability. As the drug 

must pass through a lipid bilayer in the cell membrane an increased lipophilicity is required to 

retain desirable permeability. Lipophilicity, logP, is defined as the logarithm of the ratio of 

concentrations of a solute between immiscible phases, often water and n-octanol, at equilibrium.  

In addition to improved permeability an advantage of increased lipophilicity is that binding of 

the drug compound to the desired target can improve, resulting in increased. To help determine 

desirable lead compounds and to quantify molecular properties, including MW, a measure known 

as Ligand Efficiency (LE) was reported. LE estimates binding efficiency of the drug to the target 

with respect to the number of heavy atoms, therefore correlating potency with molecular weight, 

equation 2-A.12 LE does not consider lipophilicity, instead a Lipophilic Ligand Efficiency (LLE) 

value can be used, equation 2-B. A value of 5 or greater is suggested to lead to a drug candidate 

with desirable potency and lipophilicity and a reduced risk of toxicity.13 These concepts help to 

identify and control an increase in MW and/or lipophilicity that may become detrimental to the 

drug compound during optimisation.13 

In addition, lipophilicity correlates with aqueous solubility, an important property of a drug 

compound that is required to achieve the desired concentration essential for pharmacological 

effect. As lipophilicity increases solubility decreases because higher lipophilicity represents less 

polar, hydrophobic, poorly soluble molecules.14 The human body metabolises lipophilic 

molecules to obtain more polar soluble compounds which can be excreted, therefore lipophilic 

compounds are required to be metabolically robust.15 As a result a careful balance between 

potency, lipophilicity, metabolic stability and solubility is required for a successful drug.  
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An additional property to consider when designing a drug is complexity. Over the last 5/6 years 

the desire to synthesize more diverse and architecturally complex molecules has emerged. There 

is a move away from the many flat sp2 rich compounds produced in the pharmaceutical industry 

that could be readily accessed by powerful cross-coupling methods. Complex molecules are likely 

to be more “natural product like” in structure. As many potent drugs have been derived from 

natural products, creating more complex molecules was anticipated to increase the chance of 

finding appropriate bioactive compounds. Diverse, complex molecules will also allow the 

exploration of new areas of chemical space.16  

Molecular complexity may be described by analyzing saturation and chirality within the 

molecule. Saturation allows more complex molecules to be created without increasing the 

molecular weight significantly.16 Increasing sp3 character and designing out-of-plane 

substituents onto the molecule could allow more binding interactions between the drug 

candidate and target, often not possible with flat molecules, resulting in increased potency and 

selectivity. Complexity and saturation can be calculated by various methods. Lowering reported 

using the fraction of saturated carbons within a molecule (Fsp3) as a descriptor of saturation and 

therefore complexity, equation 3.16 

 

 

Figure 31. The effect of disrupting molecular planarity and symmetry on solubility.17 

2.1.4 The Method of Fragment Based Drug Discovery 

 

In 1981, Jencks reported that although small molecules bind weakly to a target they form high 

quality interactions. 18 The fragment based methodology was then established by researchers at 
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Abbott who reported the discovery of high-affinity ligands for proteins by linking together small 

molecules that bound to the target.19 Subsequently, scientists at Astex Pharmaceuticals 

developed a pioneering structure guided fragment based approach to drug discovery using X-ray 

crystallography. This resulted in significant advances in the field and the fragment based 

approach to drug discovery emerged as a complementary method to high-throughput 

screening.20 

An important milestone for FBDD was reached in 2011 when the FDA approved PLX4032, 

marketed as Zelboraf, as a treatment for late stage melanoma, figure 3.21 PLX4032 was one of the 

first drugs approved that was developed using fragment based methodology. Twenty thousand 

compounds were screened, 7-azaindole 6 was selected for optimisation, leading to the 

development of PLX4720.22 Further optimisation by addition of an aryl group led to the 

development of PLX4032. 

 

 

 

Figure 32. First example of an approved drug which was discovered using fragment based approaches.21,22 

 

FBDD involves fragment library design, fragment screening and fragment optimisation. When 

designing a fragment library it is important that the fragments have desirable physicochemical 

properties in order to identify a drug in drug-like space. Similar to the “rule of 5” for drug-like 

compounds researchers at Astex defined guidelines for desirable criteria for fragments, known 

as the “rule of 3”.23 

 

The following properties were suggested: 
 

 MW < 300 daltons 
 cLogP < 3 
 H-bond donors ≤ 3 
 H-bond acceptors ≤ 3 
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In addition, the number of rotatable bonds should be less than three and a polar surface area of 

less than 60 would be beneficial.23 These are only recommended guidelines and in fact Klebe 

suggested that the number of hydrogen bond acceptors should be raised to six or fewer as this 

can improve solubility and provide additional binding elements.24 

Fragments hits can be optimised into lead-like compounds using methodology such as fragment 

linking or fragment growing.25 Fragment linking involves connecting two or more low affinity 

fragments, which bind to the target in adjacent sites, to form a high affinity lead-like compound 

(Fig. 33). Fragments that bind to similar sites on the target and partially overlap may also be 

combined to improve fragment potency. In principle fragment linking is an appealing method, 

however in practice developing an appropriate linker to connect the fragments without altering 

their binding modes or finding synthetic methodology to access the merged fragment without 

affecting the binding affinity can be challenging.25 

 

 

 

Figure 33. An illustration of fragment optimisation strategies. 

 

Fragment growing is a more general approach which involves the step-wise addition of 

substituents onto the core fragment hit to improve potency, in addition to pharmacological 

properties, and grow the fragment into a potent lead compound.26 Fragment growing provides 

more options during optimisation compared to fragment linking as the fragment can be 

elaborated in a variety of directions.26 Structural information of the target and fragment binding 

modes is advantageous when using both methods to facilitate the optimisation process.  
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2.2 Background of fragments used in these studies for Hit to lead optimization strategy 

 

Heterocyclic chemistry is one of the most valuable sources of novel compounds with diverse 

biological activity, mainly because of the unique ability of the resulting compounds to mimic the 

structure of peptides and to bind reversibly to proteins. 27,28 To medicinal chemists, the true 

utility of heterocyclic structures is the ability to synthesize one library based on one core scaffold 

and to screen it against a variety of different receptors, yielding several active compounds. 

Almost unlimited combinations of fused heterocyclic structures can be designed, resulting in 

novel polycyclic frameworks with the most diverse physical, chemical and biological properties. 

The fusion of several rings lead to geometrically well-defined rigid polycyclic structures and, 

thus, holds the promise of a high functional specialization resulting from the ability to orient 

substituents in three-dimensional space. Therefore, efficient methodologies resulting in 

polycyclic structures from biologically active heterocyclic templates are always of interest to both 

organic and medicinal chemists. 

 

2.2.1 Indoles as Desirable Motifs for Use in Drug Discovery  

 

Indole (1, Figure 34) is the parent substance of a large number of important compounds that 

occur in nature. Indole and the simple alkylindoles are colourless crystalline solids with a range 

of odours from naphthalene-like in the case of indole itself to faecal in the case of skatole (3-

methylindole)( 2) (Figure 1). Tryptophan 29 (2-amino-3-(3′-indolyl)propionic acid) (3, Figure 34) 

is one of the naturally occurring essential amino acids. Higher plants degrade tryptophan to 

heteroauxin (indole-3-acetic acid, 4), a plant hormone (Fig. 34). 

 

 

Figure 34. Indole derivatives 

Tryptophan is an essential amino acid and as such is a constituent of most proteins; it also serves 

as a biosynthetic precursor for a wide variety of tryptamine-indole, and 2,3-dihydroindole-

containing secondary metabolites. In animals, serotonin (5-hydroxytrytamine) is a very 

important neurotransmitter in the CNS, and in the cardiovascular and gastrointestinal systems. 
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The structurally similar hormone melationin is thought to control the diurnal rhythm of 

physiological functions.  

 

 

Figure 35. Structures of some naturally occurring indoles 

 

2.2.2 Indoles as a G-Quadruplex Stabilizing agents 

 

Diveshkumar et al30  has reported the indoylmethyleneindanone based scaffolds to specifically 

target the c-MYC and c-KIT G4 DNA. (Fig. 36).  

 

 

 

Figure 36. The synthesized indoylmethyleneindanone based scaffolds ligands used for the stabilization of 

c-MYC G-Quadruplex 

 

2.2.3 Quindoline Derivatives: Indole based G-Quadruplex Stabilizing agents 

 

Quindoline (1) (Fig. 37) is a naturally occurring indolo [3,2-b]quinoline alkaloid. Quindoline was 

originally synthesized in 1906 and has since been prepared from cryptolepine. Quindoline was 

first extracted from the African plant Cryptolepis sanguinolenta (Periplocaceae) in 1978. This 

compound has antimicrobial, antimalarial, anti-inflammatory, and antihypolipidemic activities. 

In 2000, Neidle et al. first reported that the 2,10-disubstituted quindoline derivative 3 could bind 

to G-quadruplex structures in human telomeres, showing it to have modest cytotoxicity against 
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several cancer cells as well as inhibitory activity against telomerase.31 Quindoline scaffolds are 

built-up from indole skeleton, which inspire the usage of indole pharmacophore for further 

screening to optimize the fragments in our current strategy in this chapter. 

 

 

 

Figure 37. Structures of quindoline derivatives and binding mode with G-quadruplex and NMR structure 

of 7 with c-MYC promoter G-quadruplex 

 

2.2.4 7- Azaindoles: Chemical and Biological Importance 

 

The widespread usefulness of indoles in life sciences has stimulated the development of 

numerous methodologies for their synthesis, and a range of well-established classical methods is 

available. Typical examples include the Fischer indole synthesis, the Gassman synthesis, the 

Madelung cyclization, the Bischler indole synthesis, the Bartoli synthesis and the Batcho 

Leimgruber synthesis. 33–35 Replacing one of the carbon atoms at positions 4 to 7 in the indole 

template with a nitrogen atom gives the so-called azaindoles which are frequently exploited as 

indole bioisosteres 36 and, although some examples exist in the nature, most of them are synthetic 

products. Indoles and Azaindoles belong to the fused [5,6]-member ring systems. They are often 

classified as purinomimetics or purine isosteres, and exhibit a wide range of biological activities 

and pharmacological properties. 37Among the natural substances where the azaindole core is 

present, variolin, 38 grossularines, 39 and neocryptolepine, 40 can be mentioned, and it is also a 

part of synthetic analogues of naturally occurring alkaloids, such as 7-aza-rebeccamycin41 and 5-
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aza-ellipticine.42 Their biological activities are based mostly on their affinity toward DNA, but also 

as topoisomerase inhibitors and as potential multi kinase inhibitors (Fig. 38). 

 

 

 

Figure 38. Hetero-condensed 7-azaindoles present in natural and synthetic compounds. 

 

In the same way, highly functionalized 7-azaindoles have become major goals for medicinal 

chemistry studies. Some of them have been shown to be antagonists of the corticotropin-

releasing hormone receptor (CRH1-R), which is involved in anxiety and depressive disorders,43 

and the substituted azaindole RWJ 68354 is a potent inhibitor of p38 kinase in vitro and in vivo 

and appears to be an attractive candidate for further preclinical evaluation (Fig.39).44For all these 

reasons, they play a crucial role as potential lead compounds for the discovery of biologically 

active substances.  
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Figure 39. Biological compounds containing highly functionalized 7-azaindoles in their structure. 

 

2.2.5 Indazole: Chemical and Biological Importance 

 

Nitrogen-containing heterocycles are pharmacologically important scaffolds, and they are widely 

present in numerous commercially available drugs. As a crucial family of nitrogen containing 

heterocycles, the structurally diverse indazole analogues have received enormous attention in 

the past, as well as in recent years, because of their varieties of biological properties, such as anti-

inflammatory, antimicrobial, anti-HIV, antihypertensive, and anticancer activities.45,46 More 

importantly, some indazole-based therapeutic agents, like pazopanib, axitinib, and niraparib 

have been approved for the treatment of cancers. Structurally, indazole, also called benzpyrazole 

or isoindazone, is an aromatic heterocyclic molecule in which a benzene ring is fused with a 

pyrazole ring. It exists in three tautomeric forms: 1H-indazole, 2H-indazole, and 3H-indazole (Fig. 

40). 1H-Indazole and its derivatives are usually thermodynamically more stable than the 

corresponding 2H- or 3H forms and are therefore the predominant tautomers.47 There is 

evidence that the indazole tautomer identity has an influence on biological properties. 

 

 

 

Figure 40. Tautomers of indazole. 

 

2.2.6 Indazole derivatives as receptor tyrosine kinase inhibitors 
 

The human receptor tyrosine kinase (RTK) family consists of 58 proteins divided into 20 

subfamilies. These RTKs play a pivotal role in regulating cell proliferation, differentiation, 
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survival, apoptosis, adhesion, and migration. However, hyperactivation of RTKs could result in 

the development of a number of cancers. As a result, inhibition of RTK activity is becoming a 

common strategy for cancer therapy. Recently, the development of indazole derivatives targeting 

epidermal growth factor receptor (EGFR), fibroblast growth factor receptors (FGFRs), and 

vascular endothelial growth factor receptors (VEGFRs) has been widely reported.48 

 

 

Figure 41. Biological compounds containing highly functionalized Indazole in their structure. 

 

Indazole scaffolds has tremendous potential to act as an anticancer agent by targeting G4s 

sequences mainly because of its tautomeric efficiency. To explore the effect of indazole fragments 

on G4s DNA, we have reported the screening of indazole based scaffolds in this chapter. 

 

2.2.7 Imidazo [1,5-a]pyridine and Benzimidazole: Chemical and Biological Importance 

 

In recent years, different heterocyclic compounds have been identified through molecular 

biology, empirical screening, and rational drug design for the development of new anticancer 

agents.6 Nitrogen-bridgehead fused heterocycles containing an imidazole ring are common 

structural components in several pharmacologically important molecules that display a wide 

range of activities for diverse number of targets. Imidazopyridines exhibit anticancer activity 

through different molecular mechanisms such as vascular endothelial growth factor (VEGF)-

receptor KDR inhibition and the induction of apoptosis.49 Recently, reported synthesis of 

imidazopyridine-oxindole derivatives (4) as apoptosis inducing agents.50 
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Figure 42. Lead structures of biologically active antitumor agents having benzimidazole scaffold: 

nocodazole (1), FB642 (2), Hoechst-33258 (3) and Imidazopyridines derivative (4) 

 

2.2.8 2, 6-diaminopyrimidin-4-ol: Chemical and Biological Importance 

 

Heterocyclic compounds contain at least one hetero atom in their rings, such as sulfur, nitrogen, 

or oxygen, and have a wide range of applications in both pharmacological and medicinal 

chemistry fields. Pyrimidine as one of the heteroaromatic systems often gets much interest 

because of its broad spectrum of biological and pharmacological activities. Pyrimidine is nothing 

but 1,3-diazine, similar to benzene and pyridine, and contains nitrogen at 1 and 3 positions. 

Pyrimidine and its fused pyrimidine derivatives are a class of heterocyclic scaffolds that 

demonstrates a broad range of biological and pharmacological activities such as anticancer, 

anxiolytic, antioxidant, antiviral, antifungal, anticonvulsant, antidepressant, and antibacterial 

activities. It has been reported in literature that the heterocyclic aromatic scaffolds that have 

pyrimidine molecules in their rings possess wide ranges of biological activities. 

Some of the drugs available in the market that have pyrimidine analogs in their rings are used for 

treatment of several disorders. For example, stavudine is used as anti-HIV agent, fervennuline is 

used as antibiotic, minoxidil is used antihypertensive agent, 5-flourouracil is used in cancer 

treatment, and sulfamethiazine and trimethoprim are used in treatment against bacterial 

diseases. Also phenobarbitone is used as a sedative-hypotic as well as anticonvulsant, 

triflouridine and idoxuridine are used in treatment against various viral infections, and 

propylthiouracil is used as antithyroid agent. Triazolopyrimidines, pyridopyrimidines, 

pteridines, purines, furopyrimidines, pyrimidoazepines, pyrrolopyrimidines, and quinazolines 

are a class of fused pyrimidine scaffolds that exhibit good pharmacological properties. So, one 

can improve the activity of heterocyclic compounds by fusing the pyrimidine analogs with 

different heterocyclic moieties. Many pyrimidine and fused pyrimidines are vascular endothelial 

growth factor receptors, which have been used as cancer therapy against various types of cancers 
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as approved by the US Food and Drug Administration. 51 Pazopanib, imatinib, dasatinib, nilotinib, 

uramustine, tegafur, cytarabine, methotrexate, and fluorouracil are a few examples of drugs that 

contain pyrimidine molecules as a core moiety used as anticancer agents (Fig. 43). 

 

 

Figure 43. Drugs contained pyrimidine molecule as a core moiety. 

2.2.9 Pyrazolopyrimidine, 2-hydroxynaphthalene-1,4-dione, 1,4-dihydroxyanthracene-

9,10-dione, Benzofuran and Piperonal:  Chemical and Biological Importance 

 

Pyrazolopyrimidine are fused heterocyclic ring systems, which structurally can consider as 

bioisosteres of adenine, which is fundamental for every aspect of cell life. Pyrazolo [3,4-

d]pyrimidines derivatives have been explored for their inhibitory activity towards 

various protein kinase enzymes and their role as anticancer agents (Fig.44).  
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Figure 44. The structures of several Pyrazolopyrimidine. 

 

2.2.10 Morpholino: Chemical and Biological Importance 

 

Morpholine (1,4-tetrahydro-oxazine) is a simple heterocyclic compound that has great industrial 

importance and a wide range of applications. This chemical compound and its derivatives have 

been used as rubber additives, corrosion inhibitors, solvents, optical brighteners, antioxidants 

and in the manufacture of a range of drugs and herbicides (Fig. 45).52 

 

2.2.11 1,4-naphthoquinones: Chemical and Biological Importance 
 

Quinones have been frequently exploited for the discovery of cellular mechanisms associated 

with cytotoxicity in various cancer cells. The redox properties of quinones can often induce 

apoptosis in cancer cells through oxidative stress induced by the in-situ creation of reactive 

oxygen species (ROS), while additional evidence proposes that some quinones can intercalate 

with DNA or inhibit proteins involved in DNA replication.53 Quinones such as 1,4-

naphthoquinones are abundant in nature54  and naphthoquinone based natural products are 

known to possess anticancer activity. This pharmacophore is known to convey anticancer activity 

to some drugs such as streptonigrin,55 mitomycin A.56 1, 4-Naphthoquinones are extensively 

distributed in nature and many well-known important anticancer drugs having a quinone moiety 

such as anthracyclines,57 mitoxantrones,58 and saintopin (Fig. 45) have shown tremendous 

anticancer activity.58 
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Anthraquinone derivatives (AQs) 1,4-dihydroxyanthracene-9,10-dione represent an interesting 

scaffold to develop selective and multifunctional G4 ligands, with many potential applications, 

because of their well characterised DNA-binding properties,59 fairly low redox potential and their 

ability to act as photosensitizers by one-electron oxidation.  Structurally, AQs are strictly related 

to the anthracycline antibiotics like doxorubicin and daunomycin.60 

 

 

 

Figure 45. The structures of several biological active agents with morpholino, 2-hydroxynaphthalene-1,4-

dione, 1,4-dihydroxyanthracene-9,10-dione, benzofuran and piperonal 

 

In our current investigation, all fragments were selected by taking into consideration the features which 

were previosly reported in literature to target G4s sequences. 
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2.3 Project Objective 

 

The primary goal of chapter I in this thesis is to do an intensive screening of selected fragments 

obeying drug-likeness rules with Fluorescent indicator displacement (FID) assays. The fragment-

based screening approach is used to identify the hit and based on our screening results identified 

hit were further optimized by fragment expansion strategy.  

2.4 Results and Discussion   

2.5 Initial Screening of Low-Molecular Weight Fragments 

 

To identify new pharmacophores targeting G4s DNA, screenings of numerous heterocycles have 

been reported including indoles,61 7-azaindoles,62 1H-indazol-3-yl,63 benzothiazole,64 

imidazo[1,5-a]pyridine,65 2,6-diaminopyrimidin-4-ol,66 1H-pyrazolo[4,3 d]pyrimidin-7-amine,67 

morpholino,67 bis-indoles,68,69 2-hydroxynaphthalene-1,4-dione,70 1,4-dihydroxyanthracene-

9,10-dione, benzofuran and piperonal which were derived from several alkaloids.81,82 We initially 

screened around 130 structurally and chemically diverse fragment molecules, selected from an 

in-house library of commercial or in-lab synthesized compounds. Each member of this starting 

fragment family obeyed the principal criterion of fragment libraries (Table 4 & 5 in later part of 

this chapter). All the fragments were >95% pure. From our initial screening we got some 

promising hit fragment, which were then further optimized with fragment expansion strategies 

with feasible synthetic approaches which are reported in later half of this chapter. 

 

2.5.1 Drug Likeness properties of screened fragments 

 

The physico-chemical properties of all the  fragments were assessed using the online SwissADME 

free web tool.73  Based on Lipinski’s rule of five,74 used as a requirement for drug-like properties 

to predict oral bioavailability (O-B-A), the molecular property of a compound is described in 

order to estimate its pharmacokinetic parameters in the human body, including its absorption, 

distribution, metabolism and excretion. For most ‘drug-like’ molecules all together six 

phycochemical properties are taken into account for prediction of oral bioavailability radar, these 

are good permeability across the cell membrane (LIPO), solubility in aqueous media (INSOL), the 

saturation character (INSATU), the molecular flexibility as function of number of hydrogen bond 

acceptors (FLEX), a molecular weight below 500 (SIZE) a polar surface area characterizing drug 

absorption (POLAR) and less than 5 hydrogen bond donors. 7 Molecules violating more than one 

of these rules decrease the activity and selectivity of a likely drug candidate and therefore make 
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it unlikely to be orally active in humans. Significance of all the physico-chemical properties 

required for fragments to qualify as a drug-candidates are well explained in section 2.1.2, 2.1.3 

and 2.14 of this chapter. 

The physico-chemical properties of all the  fragments were assessed using the online SwissADME 

free web tool.73 The SwissADME free web tool is very efficient and useful for the analysis of 

pharmacokinetics, drug-likeliness and medicinal chemistry parameters of the fragments before 

performing HTs screening with FID assays. The physico-chemical properties of the fragments 

screened in these chapters are mentioned in table 5, which suggests that all the optimized 

fragments are obeying the drug discovery rule and possess. The physico-chemical, 

pharmacokinetics, drug-likeliness, lipophillicty and water solubities properties are summarised 

in the later part of the chapter in table 6 and 7 for all the fragments used and further optimized 

via fragment based drug design strategy. 

 

2.5.2 Initial screening of fragments with Fluorescent indicator displacement (FID) assays 

 

To identify the hit we first screened for binding of commercial and synthesized 130 fragments to 

a DNA G4 derived from the c-MYC promoter by using fluorescent indicator displacement (FID) 

assays employing thiazole orange (TO). TO is a well-validated probe for screening G4-binding 

ligands.75 It is highly fluorescent when bound and quenched after displacement (λex. wavelength 

= 501 nm, λem. wavelength = 539 nm) (Fig. 46). FID assays were performed to investigate the 

binding affinity of selected fragments for c-MYC, c-KIT1, BCL-2, h-TELO, G4 and duplex ds24-DNA 

and ds27-DNA DNA sequences (Table 2). The dissociation constant for thiazole orange with the 

respective sequence of DNA used are depicted in figure 47 and table 3.  

 

 

 

Figure 46. Schematic representation of fluorescent indicator displacement (FID) assays 
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Table 2. Sequence of G-Quadruplex and Duplex DNA used for thiazole displacement assays 

 

G4-DNA Sequences (5’-….-3’) 

c-MYC TGGGGAGGGGTGGGGAGGGTGGGGAAGG 

h-TELO TTGGGTTAGGGTTAGGGTTAGGGA  

BCL2  AGGGGCGGGCGCGGGAGGAAGGGGGCGGGAGCGGGGCTG 

c-KIT1 GGGAGGGCGCTGGGAGGAGGG 

dsDNA 27bp TATAGCTATAAAAAAAATATAGCTATA 

dsDNA 24bp CGCGAATTCGCGCGCGAATTCGCG 

 

Table 3. Dissociation constant (Kd) values of TO for G-quadruplex & Duplex-DNA Sequences.  

 

 c-MYC h-TELO BCL2  c-KIT1 dsDNA 
27bp 

dsDNA 
24bp 

Kd Values 3.66 μM 2.034 μM 3.79 μM 3.465 μM 4.89μM 3.84 μM 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 47. Dissociation constant (Kd) values of TO for c-MYC, h-Telo, BCL-2 and c-KIT-1 G-quadruplex & 

Duplex-DNA Sequences. A) Titration of fixed Thiazole Orange: c(TO) = 1 μM; c(cMYC)/c-KIT1/BCL2/h-

TELO = 0 μM, 0.27 μM, 0.55 μM, 1.09 μM, 2.18 μM, 4.36 μM, 8.72 μM, 17.44 μM, 34.88 μM, 69.76 μM; 

c(DMSO) = 10%; 20 mM Na-caco, 140 mM KCl, pH = 7, rt  B) Titration of ds-DNA - Thiazole Orange: c (TO) 
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= 1 μM; c(ds-DNA) = 0 μM, 0,27 μM, 0.55 μM, 1.09 μM, 2.18 μM,4.36 μM, 8.72 μM, 17.44 μM, 34.88 μM, 69.76 

μM  ; c(DMSO) = 10%;  rt, 20 mM Na cacodylate, 140 mM KCl, pH 7, r.t. 

 

The high throughput screening of the 130 structurally and chemically diverse ligands were then 

performed by FID assays to check its affinity for c-MYC promoter G4 (Fig.48).  Based on our 

results from the intensive HTs FID screening, we found that 5-aminogramine (labelled as A8 in 

Fig.50a in later part of this chapter). The identified 5-aminogramine fragment from our HTs FID 

screening was further optimized by the FBDD strategy. 

 

 

 

Figure 48. Schematic representation of high throughput screening to identify the hit and for lead 

optimization 

 

The FID screening of all the fragment, which includes commercial as well as optimized fragments 

based on our FBDD strategy are presented in the later part of this chapter (Fig. 50a and 50b).  

Recently reported indolylmethyleneindanone, indenopyrimidine and bisbenzimidazole 

carboxamide derivatives of naphthiridine and phenanthroline can specifically stabilize c-MYC 

and c-KIT quadruplex DNAs with propeller topology (Fig. 49).76,77 Even though these ligands were 

specific toward a particular topology, weak stabilization and poor drug-likeliness properties for 
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indenopyrimidine weakens the therapeutic index of these molecules. Taking into consideration 

the key feature of reported indolylmethyleneindanone with the extended cationic pyrrolidine 

side chain, which is the prerequisite for the effective binding to the G-quadruplex.  

 

 

Figure 49. Chemical structures of indolylmethyleneindanone-based scaffolds developed for topology-

specific stabilization of c-MYC and c-KIT promoter G-quadruplex DNAs.76,77 

In our current investigation, we did further hit optimization of Indole and several other 

heterocycles like azaindole, piperonal and indazole fragments with the feasible and synthetic 

strategies for the development of small drug-like. The Physico-chemical properties (Table 5), 

pharmacokinetic, dug-likeliness, medicinal chemistry features (Table 6) and the lipophilicity and 

water solubility characteristics (Table 7) of the designed fragments are reported in the later part 

of this chapter. 

2.6 Design and Synthesis 

 

We developed different synthetic strategies to generate drug-like G-quadruplex stabilizing 

ligands derived from 5-nitroindole (Scheme 1, 2 and 3). In route 1, scaffold 1-methyl-1H-indol-

5-amine (3) is obtained in 60 % yield with Pd/C-catalyzed hydogenation of 1-methyl-5-nitro-1H-

indole (2), which is a nucleophilic substitution product of 5-nitro-1H-indole (1).78 In route II, 

intermediates 4a-b are generated via a nucleophilic substitution reaction of 5-nitro-1H-indole 

(1) with 1,3-dibromopropane and 1,2-dibromoethane, respectively, which generates the 5-

nitroindole dimer 1,3-bis(5-nitro-1H-indol-1-yl)propane (17a) as a by-product. 79 In the next 

step, 4a is protected with pyrrolidine to obtain 5-nitro-1-(3-(pyrrolidin-1-yl)propyl)-1H-indole 

(5).80 5 was treated with the Vilsmeier reagent81 to generate 5-nitro-1-(3-(pyrrolidin-1-

yl)propyl)-1H-indole-3-carbaldehyde (6)81 to facilitate the one pot in-situ generation of N-((5-

nitro-1-(3-(pyrrolidin-1-yl)propyl)-1H-indol-3-yl)methyl)-2-(pyrrolidin-1-yl)ethanamine (7).82 



A Fragment-Based Approach for the Development of G-Quadruplex Ligands 

 

109 
 

In route III, intermediate 5- nitro-1H-indole-3-carbaldehyde (8) is obtained in 60 % yield via 

Vilsmeier-Haack reaction81 with 5-nitro-1H-  

 
 
Scheme 1. A) NaH, DMF, rt, 1 h, CH3I, r.t, 8 h, 95 %; B) Pd/C, H2, MeOH, r.t, 3 h, 52%; C) K2CO3, DMF, 1,3-

Dibromopropane, r.t, 4 h, 65 %; D) Dry ACN , Pyrrolidine, reflux, 4 h, 32%; E) POCl3, DMF, 0 oC - r.t, 1 h, 

46%; F) NaBH4, MeOH, Substituted amine, r.t, 3h, 72%; G) K2CO3, DMF, rt, 3h, 62%;  H)  POCl3, DMF, 0 oC - 

rt, 1 h , 30 %; I) NaBH4, MeOH, Substituted amine, rt, 3h, 56 %,  J) Pd/C, H2, MeOH, RT, 3 h, 52%; K) NaN3, 

DMF, 80 oC, reflux, 4 h, 48 %;  L) POCl3, DMF, 0 oC – rt, 1 h, 35 %; M) NaBH4, MeOH, corresponding amine, 

rt,  3 h, 45 %. 

 

indole (1) which is a key step to generate conjugates 9, 10, 11, 12, 13, 13a in quantitative yields 

with one pot in-situ reaction of aldehydes with substituted amines in presence of NaBH4 as a 

reducing agent.82 This strategy is useful for the Pd/C-catalyzed hydogenation78 of N, N-dimethyl-
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1-(5-nitro-1H-indol-3-yl)methanamine (9) to 3-((dimethylamino) methyl)-1H-indol-5-amine 

(9a). During the development of synthetic strategies, we found that the substituted 5-

aminoindole derivatives are potentially unstable and it is difficult to protect them from air 

oxidation. 83 In addition to this, for the generation of 1-(1-(3-azidopropyl)-5-nitro-1H-indol-3-yl)-

N,N dimethylmethanamine  (15) and N1-((1-(3-azidopropyl)-5-nitro-1H-indol-3-yl)methyl)-

N2,N2-diethylethane-1,2-diamine (16) in 40-45 % yields in route IV has been developed from 

the intermediate 4a.84 

For this, intermediate 4a is allowed to react with NaN3 in DMF to reach 1-(3-azidopropyl)-5-

nitro-1H-indole (14) via nucleophilic substitution reaction in 60 % yields. Precursor (14) is then 

treated with the Vilsmeier reagent81 to afford 1-(3-azidopropyl)-5-nitro-1H-indole-3-

carbaldehyde (15) in 55 % yield.81  Conjugates 16a and 16b were obtained from 15 by one pot 

in-situ reaction of substituted amine with aldehyde in presence of NaBH4 in methanol media with 

56 % yield.82  

 

 

 

Scheme 2. A) K2CO3, DMF, 3-bromo-1-propyne, r.t, 4 h, 88 %; B) POCl3, DMF, 0 oC - r.t, 1 h, 58 %; C) 

NaBH4, MeOH, Substituted amine, r.t, 3 h, 38 % 

 

In Scheme 2 to afford N1,N1-dimethyl-N2-((5-nitro-1-(prop-2-yn-1-yl)-1H-indol-3-

yl)methyl)ethane-1,2-diamine (21a)82 and N1,N1-diethyl-N2-((5-nitro-1-(prop-2-yn-1-yl)-1H-

indol-3 yl)methyl)ethane-1,2-diamine (21b) were prepared via substitution reaction of 

propargyl bromide with 1 to obtain intermediate 19a-b which pave route for the synthesis of 5-

nitro-1-(prop-2-yn-1-yl)-1H-indole-3-carbaldehyde (20) with the Vilsmeir-Haack reaction.81 In 

addition to above in scheme 3, several other aldehydes (2a, 23, 24, 25) were used to afford 

conjugates 3a-b, 23a-c-f, 24a-b-c-f, 25b-e-f, with one pot in-situ reaction of substituted amine 

with aldehyde in presence of NaBH4 in methanol media with 56 % yield.  
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Scheme 3. A) POCl3, DMF, -10 oC > r.t, Reflux, 100 oC, 1 h, 88 %; B) NaBH4, MeOH, Substituted amine, r.t, 3h, 

25 -37 % 

 

 

Scheme 4. A) DCM, 0 oC - r.t, 1 h, 95 %;  B) NaH, THF, 0 oC - r.t, 52%; C) AlCl3, DCE, 110 oC, reflux, 4 h, 48 %  
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Due to the great potential of pharmaceutical and biological applications, we aimed at exploring a 

concise and efficient approach (Scheme 4) to synthesize 7-azaindole derivatives. Here, we started 

from substituted N-benzyl-2-bromoacetamine (26b, 27b, 28b, 29b and 30b), which could be 

obtained from 2-bromoacetyl bromide 2 with various substituted phenylmethanamine (26a, 

27a, 28a, 29a and 30a). Treatment of substituted N-alkyl-α-bromoacetamide with malononitrile 

4 in THF in the presence of NaH, afforded substituted enamino γ-lactams (26c, 27c, 28c, 29c and 

30c). 7-azaindole derivatives (26d, 27d, 28d, 29d and 30d)   could be constructed through 

friedlander reaction of substituted enamino γ-lactams (26c, 27c, 28c, 29c and 30c) and ethyl 

acetoacetate with lewis acid (AlCl3) under reflux condition. In total 50 compounds were 

synthesized, which includes substituted indoles, 5-nitroindoles, 7-azindole and indazole 

derivatives.  

2.7 SMILES (Simplified Molecular Input Line Entry System) 

 

For the investigation of drug-likeness of the screened fragments, firstly it is necessary to translate 

the computed fragments into a SMILES-code, by using an Online SMILES translator to run the 

drug-likeliness calculations in SWISS-ADME filters web based tool (Table 4). In our current 

investigation to calculate all the physicochemical, pharmacokinetics, drug-likeliness and 

lipophilicity of the fragments,  

SMILES was develop and initialize in the 1980s by David Weininger.85  

Significance of SMILES: The simplified molecular-input line-entry system (SMILES) is a 

specification in the form of a line notation for describing the structure of chemical species using 

short ASCII strings. Molecules or reactions can now be easily describe by a code. It is also possible 

to show double bonds, use different isotopes or show ionic compounds. 

Table 4. List of screened commercial and synthesized fragments with origin (commercial or synthesized) 

and SMILES  

HIT 
 

STRUCTURE  SMILE NOTATION 
 

ORIGIN 
(SOURCE) 

A1 (3) 

 

CN1C=CC2=C1C=CC(N)=C2 Synthesized 
(3) 

A2 

 

CC1=CC2=C(N1)C=CC(N)=C2 Commercial 

A3 

 

NC1=CC2=C(NC=C2)C=C1 Synthesized 
(31) 

A4 

 

  CN1C(C)=CC2=C1C=CC(N)=C2 Commercial 

https://en.wikipedia.org/wiki/Line_notation
https://en.wikipedia.org/wiki/Chemical_species
https://en.wikipedia.org/wiki/ASCII
https://en.wikipedia.org/wiki/String_(computer_science)
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A5 

 

COCCN1C(C)=CC2=C1C=CC(N)=C2 Commercial 

A6 

 

NC1=CC2=C(C=C1)N(CC1=CC=CC=C1)C=C2 Commercial 

A7 
 
 
 
 
 
 

 

 CCC1=NC2=C(C=CC(N)=C2)N1C Commercial 

A8 (9A) 

 

CN(C)CC1=CNC2=C1C=C(N)C=C2 Synthesized 
(9a) 

A9 

 

NC1=CC2=C(C=C1)N(CC1=CC=CC=C1)N=C2O Commercial 

A10 

 

NCC1=CNC2=C1C=C(N)C=C2 Commercial 

A11 

 

CN1C=NC2=C1C=CC(N)=C2 Commercial 

A12 

 

CN1C=C(C)C2=C1C=CC=C2N Commercial 

A13 

 

C(C1=CNC2C=CC=CC12)C1=CNC2=C1C=CC=C2 Commercial 

A14 

 

CN1C(C)=C(CCN)C2=C1C=CC(N)=C2 Commercial 

A15 

 

O=CC1=NNC2=CC=CC=C12 Commercial 

A16 

 

 
CN1C(C)=C(CC2=C(C)SC=N2)C2=C1C=CC(N)=C2 

Commercial 

A17 

 

 [H]C(=O)C1=C(C)N(C)C2=C1C=C(N)C=C2 Commercial 

A18 

 

CN1C(C)=C(CC2=CSC(Cl)=N2)C2=C1C=CC(N)=C2 Commercial 

A19 

 

 [H]C(=O)C1=CN(C)C2=C1C=C(C)C=C2 Commercial 

A20 

 

CN1C=C(C(O)=O)C2=C1C=CC(N)=C2 Commercial 
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A21 

 

CN1C=C(CC(O)=O)C2=C1C=CC(=C2)N(=O)=O Commercial 

A22 
(24c) 

 

NCCNCCNCCNCC1=CNC2=C1C=CC=N2 Synthesized 
(24c) 

A23 

 

[H]C(=O)C1=CNC2=C1C=CC=N2 Commercial 

A24 

 

NC1=CC2=C(C=C1)N(C=C2)C1CCNCC1 Commercial 

A25 

 

NCC1=NN(CC2=CC=CC=C2)C2=C1C=C(C=C2)N(=O)=O Commercial 

A26 

 

CN1C=C(CN)C2=C1C=CC(N)=C2 Commercial 

A27 

 

CN1C=NC2=C1C=CC(=C2)N(=O)=O Commercial 

A28 

 

 
CN1C=CC2=C1C=CC(=C2)N(=O)=O 

Commercial 

A29 

 

CN1C=C(CC2=CNC3=C2C=CC=C3)C2C=CC=CC12 Commercial 

A30 

 

CN1C(C)=C(CCN)C2=C1C=CC(N)=C2 Commercial 

B1  

 

C1=NC=C2C=CC=CN12 
 
 

Commercial 

B2 
(19b) 

 

C#CCCN1C=CC2=C1C=CC=C2 Synthesized 
(19b) 

B3 

 

[H]C(=O)C1=CN(C)C2=C1C=C(N)C=C2 Commercial 

B4 

 

CN1C(C)=C(CC2=CSC(F)=N2)C2=C1C=CC=C2 Commercial 

B5 

 

 [H]C(=O)C1=CNC2=C1C=C(N)C=C2 Commercial 

B6 

 

CCN1C=C(C(O)=O)C2=C1C=CC(N)=C2 Commercial 

B7 

 

CCCN1C=C(CC(O)=O)C2=C1C=CC=C2 Commercial 
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B8 

 

CN(C)CC1=CN(C)C2=C1C=C(OCC1=CC=CC=C1)C=C2 Commercial 

B9 

 
 

O=CC1=NC=C2C=CC=CN12 Commercial 

B10 

 

CN1C=CC2=C1C=CC(N)=C2 Commercial 

B11 
(9) 

 

CN(C)CC1=CNC2=C1C=C(C=C2)N(=O)=O Synthesized 
(9) 

B12 
(10) 

 

CN(C)CNCC1=CNC2=C1C=C(C=C2)N(=O)=O Synthesized 
(10) 

B13 
(12) 

 

O=N(=O)C1=CC2=C(NC=C2CNCCN2CCCC2)C=C1 Synthesized 
(12) 

B14 
(11) 

 

CCN(CC)CCNCC1=CNC2=C1C=C(C=C2)N(=O)=O Synthesized 
(11) 

B15 
(7) 

 

O=N(=O)C1=CC2=C(C=C1)N(CCN1CCCC1)C=C2CNCCN
1CCCC1 

Synthesized 
(7) 

B16 
(17a) 

 

O=N(=O)C1=CC2C=CN(CCCN3C=CC4=C3C=CC(=C4)N(
=O)=O)C2C=C1 

Commercial 
(17a) 

B17 

 
 
 

O=N(=O)C1=CC2C(C=CN2CCN2C=CC3=C2C=CC(=C3)N
(=O)=O)C=C1 

commercial 

B18 
(5) 

 

O=N(=O)C1=CC2=C(C=C1)N(CCCN1CCCC1)C=C2 Synthesized 
(5) 

B19 
(19a) 

 

O=N(=O)C1=CC2=C(C=C1)N(CC#C)C=C2 Synthesized 
(19a) 

B20 
(20) 

 

 [H]C(=O)C1=CN(CC#C)C2=C1C=C(C=C2)N(=O)=O Synthesized 
(20) 
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B21 
(21a) 

 

CN(C)CC1=CN(CC#C)C2=C1C=C(C=C2)N(=O)=O Synthesized 
(21a) 

B22 
(4b) 

 

BrCCN1C=CC2=C1C=CC(=C2)N(=O)=O  Synthesized 
(4b) 

B23 
(4a) 

 

BrCCCN1C=CC2=C1C=CC(=C2)N(=O)=O  Synthesized 
(4a) 

B24 
(14) 

 

N=[N]=NCCCN1C=CC2=C1C=CC(=C2)N(=O)=O  Synthesized 
(14) 

B25 
(21b) 

 

CCN(CC)CCNCC1=CN(CC#C)C2=C1C=C(C=C2)N(=O)=O  Synthesized 
(21b) 

B26 
(16) 

 

 
CN(C)CC1=CN(CCCN=[N]#N)C2=C1C=C(C=C2)N(=O)=

O  

Synthesized 
(16) 

B27 
(6) 

 

 
[H]C(=O)C1=CN(CCCN2CCCC2)C2=C1C=C(C=C2)N(=O

)=O 

Synthesized 
(6) 

B28 
(15) 

 

 
[H]C(=O)C1=CN(CCCN=[N]#N)C2=C1C=C(C=C2)N(=O)

=O 

Synthesized 
(15) 

B29 

 

NC1=NC(N)=NC(O)=C1 Commercial 

B30 

 

NC1=CC(N)=NC(N)=N1 Commercial 

C1 

 

CC1=CNC(=O)NC1=O Commercial 

C2 

 

O=C1NC=CC(=O)N1 Commercial 

C3 

 

                    OC1=CC(=O)NC(=O)N1 Commercial 
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C4 

 

OC1=CC(O)=NC(=N1)C1=CC=CC=C1 Commercial 

C5 

 

NC1=NC(O)=CC=N1 Commercial 

C6 

 

                                             
 C1CCNC1 

Commercial 

  NC1=NC=NC2=C1NN=C2 Commercial 
C8 

 

O.OS(=O)(=O)CCCN1CCOCC1 Commercial 

C9 

 

NC1=CC=C(C=C1)N1CCOCC1 Commercial 

C10 

 

ClCCN1CCOCC1 Commercial 

C11 

 

CN1CCCC1=O Commercial 

C12 

 

CC1=CC=CC=C1NC(=O)CN1CCCC1 Commercial 

C13 

 

NCCN1CCCC1 Commercial 

C14 

 

O=C(ON1C(=O)CCC1=O)ON1C(=O)CCC1=O Commercial 

C15 

 

 
CC1=CC(=O)C2=C(C=CC=C2)C1=O 

Commercial 

C16 

 

         O=C1C=CC(=O)C2=C1C=CC=C2 Commercial 

C17 

 

 
     OC1=CC(=O)C2=C(C=CC=C2)C1=O 

Commercial 

C18 

 

 
CC(C)CCCC(C)CCCC(C)CCC\C(C)=C\CC1=C(C)C(=O)C2

=C(C=CC=C2)C1=O 

Commercial 

C19 

 

 
OCC1=CC=C2C(=O)C3=C(C=CC=C3)C(=O)C2=C1 

Commercial 

C20 

 

 
OC1=C2C(=O)C3=C(C=CC=C3)C(=O)C2=C(O)C=C1 

Commercial 

C21 
(24a) 

 

 
CN(C)CC1=CNC2=C1C=CC=N2 

Synthesized 
(24a) 

C22 

 

 
C(OC1=NC=C2NC=CC2=C1)C1=CC=CC=C1 

Commercial 
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C23 

 

 
 O=CC1=CNC2=C1C=CC=N2 

Commercial 

C24 

 

 
  C(C#CC1=CC=CC=C1)N1CCCCC1 

Commercial 

C25 

 

 
O=C(NC1=CC=CC=C1)N1CCCCC1 

Commercial 

C26 

 

 
   S=C(NC1=CC=CC=C1)N1CCCCC1 

Commercial 

C27 

 

     
 C(N1CCCCC1)C1=CC=CC=C1 

Commercial 

C28 

 

     
C1CC(CCN1)OC1=CC=CC=C1 

Commercial 

C29 

 

 
     CN1CCC(CC1)OC1=CC=CC=C1 

Commercial 

C30 

 

 
    FC1=CC=C(OC2CCNCC2)C=C1 

Commercial 

D1 

 

 
CC1=CC=C(C=C1)S(=O)(=O)C1CCNCC1 

Commercial 

D2 

 

 
OS(=O)(=O)CCCN1CCOCC1 

Commercial 

D3 

 

OC1CCN(CCC2=CC=CC=C2)CC1 Commercial 

D4 

 

                          
 NCC1=CC=CC=C1 

Commercial 

D5 

 

NCC1=CC=C(F)C=C1 Commercial 

D6 

 

NCC1=CC=C(C=C1)C(F)(F)F Commercial 

D7 

 

COC1=CC=C(CN)C=C1 Commercial 

D8 

 

COC1=CC(CN)=CC(OC)=C1OC Commercial 

D9 

 

CNCC1=CC=C(OC)C(OC)=C1 Commercial 

D10 

 

      
C(NCC1=CC=CC=C1)C1=CC=CC=C1 

Commercial 

D11 

 

NCC1=CC=C(C=C1)[N+]([O-])=O Commercial 

D12 

 

CC(N)C1=CC=C(Br)C=C1 Commercial 
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D13 

 

[O-][N+](=O)C1=CC=C(CNC(=O)CBr)C=C1 Commercial 

D14 
(26b) 

 

BrCC(=O)NCC1=CC=CC=C1 Synthesized 
(26b) 

D15 
(27b) 

 

FC1=CC=C(CNC(=O)CBr)C=C1 Synthesized 
(27b) 

D16 
(30b) 

 

COC1=CC=C(CNC(=O)CBr)C=C1 Synthesized 
(30b) 

D17 
(29b) 

 

COC1=CC(CNC(=O)CBr)=CC(OC)=C1OC Synthesized 
(29b) 

D18 
(28b) 

 

 
 

FC(F)(F)C1=CC=C(CNC(=O)CBr)C=C1 

Synthesized 
(28b) 

D19 
(26d) 

 

CCOC(=O)C1=C(N)C2=C(N=C1C)N(CC1=CC=CC=C1)C(
=O)C2 

Synthesized 
(26d) 

D20 
(27d) 

 

 
CCOC(=O)C1=C(N)C2=C(N=C1C)N(CC1=CC=C(F)C=C1)

C(=O)C2 

Synthesized 
(27d) 

D21 
(28d) 

 

 
CCOC(=O)C1=C(N)C2=C(N=C1C)N(CC1=CC=C(C=C1)C(

F)(F)F)C(=O)C2 

Synthesized 
(28d) 
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D22 
(29d) 

 

 
CCOC(=O)C1=C(N)C2=C(N=C1C)N(CC1=CC(OC)=C(OC)

C(OC)=C1)C(=O)C2 

Synthesized 
(29d) 

D23 
(30d) 

 

 
CCOC(=O)C1=C(N)C2=C(N=C1C)N(CC1=CC=C(OC)C=C

1)C(=O)C2 

Synthesized 
(30d) 

D24 
(26c) 

 

 
NC1=C(CC(=O)N1CC1=CC=CC=C1)C#N 

Synthesized 
(26c) 

D25 
(27c) 

 

NC1=C(CC(=O)N1CC1=CC=C(F)C=C1)C#N Synthesized 
(27c) 

D26 
(28c) 

 

 
NC1=C(CC(=O)N1CC1=CC=C(C=C1)C(F)(F)F)C#N 

Synthesized 
(28c) 

D27 
(30c) 

 

 
COC1=CC=C(CN2C(=O)CC(C#N)=C2N)C=C1 

Synthesized 
(30c) 

D28 
(29c) 

 

 
COC1=CC(CN2C(=O)CC(C#N)=C2N)=CC(OC)=C1OC 

Synthesized 
(29c) 

D29 

 

 [O-][N+](=O)C1=CC=CC=C1C=O Commercial 

D30 

 

 
COC1=C(OC)C=C(C(C=O)=C1)[N+]([O-])=O 

Commercial 

E1 

 

COC1=CC=C(C=O)C(=C1)[N+]([O-])=O Commercial 

E2 

 

     
COC1=C(C(C=O)=CC=C1)[N+]([O-])=O 

Commercial 

E3 

 

 
  CN(C)C1=CC=C(C=O)C(=C1)[N+]([O-])=O 

Commercial 

E4 

 

 
 [O-][N+](=O)C1=CC(F)=CC=C1C=O 

Commercial 

E5 

 

                   
OCC1=CC=CC=C1 

Commercial 

E6 

 

                
CC(O)C1=CC=CC=C1 

Commercial 
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E7 

 

                   
 SCC1=CC=CC=C1 

Commercial 

E8 

 

                 
COC1=CC=C(O)C=C1 

Commercial 

E9 

 

      
COC1=CC=CC=C1CO 

Commercial 

E10 

 

 
 COC1=C(OC)C=C(C(CO)=C1)[N+]([O-])=O 

Commercial 

E11 

 

 
  COC1=CC=C(CO)C(OC)=C1 

Commercial 

E12 

 

 
 OCC1=CC(=CC=C1O)[N+]([O-])=O 

Commercial 

E13 

 

 
OCC1=CC=CC=C1[N+]([O-])=O 

Commercial 

E14 

 

 
 CC(=O)C1=CC=CC=C1[N+]([O-])=O 

Commercial 

E15 

 

COC1=CC=C(C=C1OC)C(C)=O Commercial 

E16 

 

 
CCN(CC)C1=CC=C(C=C1)C(C)=O 

Commercial 

E17 

 

 
 COC1=CC(=CC=C1C)C(C)=O 

Commercial 

E18 

 

 
CC1=CC2=CC=CC(=C2N=C1)S(Cl)(=O)=O 

Commercial 

E19 

 

C(CN1CCCC1)NCC1=CC2=C(OCO2)C=C1 Commercial 

E20 

 

 
CC1=CC=C2SC(=CC2=C1)S(Cl)(=O)=O 

Commercial 

E21 

 

CC1=NC2=NC=NN2C(C)=C1 Commercial 

E22 

 

 
CC1=CC=C(C=C1)C1=CC=C(C=C1)S(Cl)(=O)=O 

Commercial 

E23 

 

 
ClS(=O)(=O)C1=CC=C2OCOC2=C1 

Commercial 

E24 

 

 
CC1=C(C(C)=C(C)C2OC(C)(C)CC12)S(Cl)(=O)=O 

Commercial 

E25 

 

 
CC1=C(C(C)=C(C)C2OC(C)(C)CC12)S(Cl)(=O)=O 

Commercial 
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E26 

 

 
ClS(=O)(=O)C1=C2OCCC2=CC(Br)=C1 

Commercial 

E27 

 

 
CN1C(C)=CC2=C1C=CC=C2S(Cl)(=O)=O 

Commercial 

E28 

 

CN1C(C)=CC2=C1C=CC=C2S(Cl)(=O)=O Commercial 

E29 

 

 
 

N1C=CC2=CC=CC=C12 

Commercial 

E30 

 

 
 

CCN(CC)CCNCC1=CNC2=CC=CC=C12 

Commercial 

F1 
(3a) 

 

 
 

CN(C)CC1=CNC2=CC=CC=C12 

Synthesized 
(3a) 

F2 

 

 
 
 

CN(C)CCNCC1=CNC2=CC=CC=C12 

Commercial 

F3 

 

 
 

CN1C=C(CC2=CC3C=CC=CC3N2C)C2=C1C=CC=C2 

Commercial 

F4 

 

 
 

CC1=NC2=CC=C(C=C2S1)S(Cl)(=O)=O 

Commercial 

F5 

 

 
           CC(=O)N1CCC2=C1C=CC(=C2)S(Cl)(=O)=O 

Commercial 

F6 

 

 
 

CN(C)C1=CC=C(C=C1)\N=N\C1=CC=C(C=C1)S(Cl)(=O)
=O 

Commercial 

F7 

 

 
 
 

CC1=NN(C(C)=C1)C1=CC=C(C=C1)S(Cl)(=O)=O 

Commercial 

F8 

 

 
CCC(=O)N1CCC2=C1C=CC(=C2)S(Cl)(=O)=O 

Commercial 

F9 

 

 
 

OC(=O)N1CCC2=C1C=CC(=C2)S(Cl)(=O)=O 

Commercial 
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F10 

 

 
CCCC(=O)N1CCC2=C1C=CC(=C2)S(Cl)(=O)=O 

Commercial 

F11 

 

 
CN(C)CCNCC1=CNC2=CC=C(N)C=C12 

Commercial 

F12 
(32) 

 

 
CCN(CC)CCNCC1=CNC2=CC=C(N)C=C12 

Synthesized 
(32) 

F13  

 

 
 
 

OCC1=CC=CC=C1[N+]([O-])=O 

Commercial 

F14 
(3b) 

 

 
 

NCCNCCNCCNCCNCC1=CNC2=CC=CC=C12 

Synthesized 
(3b) 

F15 
(13a) 

 

 
 

NCCNCCNCCNCC1=CNC2=CC=CC=C12 

Synthesized 
(13a) 

F16 
(24b) 

 

 
NCCNCCNCCNCCNCC1=CC2=C(NC=C2)N=C1 

Synthesized 
(24b) 

F17 
(25C) 

 
 
 
 

 
NCCNCCNCCNCCNCC1=CC2=C(OCO2)C=C1 

Synthesized 
(25c) 

F18 
(23C) 

 

 
     NCCNCCNCCNCCNCC1=NNC2=CC=CC=C12 

Synthesized 
(23c) 

F19 

 

 
 

O=CC1=CNC2=NC=CC=C12 

Commercial 

F20 
(24a) 

 

 
CN(C)CC1=CNC2=NC=CC=C12 

Synthesized 
(24a) 

F21 

 

 
 

CN(C)CCNCC1=CNC2=NC=CC=C12 

Commercial 

F22 

 

 
 
 

CCN(CC)CCNCC1=CNC2=NC=CC=C12 

Commercial 

F23 
(24f) 

 

 
 

C(CN1CCCC1)NCC1=CNC2=NC=CC=C12 

Synthesized 
(24f) 

F24 

 

 
              CN(C)CCNCC1=NNC2=CC=CC=C12 

Commercial 
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F25 

 

 
                CCN(CC)CCNCC1=NNC2=CC=CC=C12 

Commercial 

F26 
(23f) 

 

 
 

C(CN1CCCC1)NCC1=NNC2=CC=CC=C12 

Synthesized 
(23f) 

F27 
(25c) 

 

 
 

NCCNCCNCCNCC1=CC2=C(OCO2)C=C1 

Synthesized  
(25c) 

F28 

 

 
 

CN(C)CC1=CC2=C(OCO2)C=C1 

Commercial 

F29 

 

 
CN(C)CCNCC1=CC2=C(OCO2)C=C1 

Commercial 

F30 
(25e) 

 

 
 

CCN(CC)CCNCC1=CC2=C(OCO2)C=C1 

Synthesized 
(25e) 

 

 

2.8 SWISS ADME: Profiling of the optimized and selected fragments 

 

The SWISS-ADME tool is used in our current investigations for the analysis of the physico-

chemical, pharmacokinetics and medicinal chemistry properties of all the commercial and 

optimized fragments generated via FBDD fragment expansion strategy. The physico-chemical 

properties basically includes the criteria like molecular weight, number of rotable bonds, 

Fraction Csp3, number of H-bond acceptors and H-bond donors all the these criteria are utmost 

important for the design of small drug-like fragments (Table 5). Furthermore, all the 

pharmacokinetics, drug-likeliness and medicinal chemistry properties like probability of GI 

absorption, blood-brain-barrier permeability (BBB permeant), ability of fragments to involved in 

substrate reaction in human body i.e Pgp substrate reaction ability and the possible interactions 

of designed fragments with the intestinal CYP-P450 enzymes are analyzed, In addition to all the 

above parameters fragments were all also screened to check if there are any Lipinski violations 

and drug-likeliness violations (Table 6). The lipophilicity and water solubility for example iLogP, 

WLogP, ESOL Class (solubility class), were also determined by SWISS-ADME filters and are 

reported in table 7.  
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Table 5.  Physiochemical Properties of Fragments (SWISS-ADME-Filters) 

 

Formula 
 

 
 
MW 
 

#Heavy 
atoms 

#Aromatic 
heavy atoms 

Fraction 
Csp3 
 

#Rotatable 
bonds 
 

#H-bond 
acceptors 
 

#H-bond 
donors 
 

MR 
 

TPSA 
 

A1 C9H10N2 146.19 11 9 0.11 0 0 1 47.6 30.95 
A2 C9H10N2 146.02 11 9 0.11 0 0 2 47.67 41.81 
A3 C8H8N2 132.16 10 9 0 0 0 2 42.7 41.81 
A4 C10H12N2 160.22 12 9 0.2 0 0 1 52.57 30.95 
A5 C12H16N2O 204.27 15 9 0.33 3 1 1 63.27 40.18 
A6 C15H14N2 222.29 17 15 0.07 2 0 1 72.09 30.95 
A7 C10H13N3 175.23 13 9 0.3 1 1 1 55.17 43.84 
A8 C8H8N2 132.16 10 9 0 0 0 2 42.7 41.81 
A9 C14H13N3O 239.27 18 15 0.07 2 2 2 71.91 64.07 
A10 C9H11N3 161.2 12 9 0.11 1 1 3 50.38 67.83 
A11 C8H9N3 147.18 11 9 0.12 0 1 1 45.4 43.84 
A12 C9H10N2 146.19 11 9 0.11 0 0 1 47.6 30.95 
A13 C17H16N2 248.32 19 9 0.18 2 0 2 82.79 27.82 
A14 C12H17N3 203.28 15 9 0.33 2 1 2 65.05 56.97 
A15 C8H6N2O 146.15 11 9 0 1 2 1 41.48 45.75 
A16 C15H17N3S 271.38 19 14 0.27 2 1 1 82.66 72.08 
A17 C11H12N2O 188.23 14 9 0.18 1 1 1 57.96 48.02 
A18 C14H14ClN3S 291.8 19 14 0.21 2 1 1 82.71 72.08 
A19 C11H11NO 173.21 13 9 0.18 1 1 0 53.55 22 
A20 C10H10N2O2 190.2 14 9 0.1 1 2 2 54.56 68.25 
A21 C11H12N2O2 204.23 15 9 0.18 2 2 2 59.15 68.25 
A22 C18H20N2O 280.36 21 15 0.22 5 2 1 86.75 28.26 
A23 C8H6N2O 146.15 7 5 0 1 1 1 26.18 32.86 
A24 C13H17N3 215.29 16 9 0.38 1 1 2 71.44 42.98 
A25 C14H11N3O3 239.27 18 15 0.07 2 2 2 71.91 64.07 
A26 C10H13N3 175.11 12 9 0.11 1 1 3 50.38 67.83 
A27 C8H7N3O2 147.18 11 9 0.12 0 1 1 45.4 43.84 
A28 C8H9N3 147.18 11 9 0.12 0 1 1 45.4 43.84 
A29 C17H16N2 248.32 19 9 0.18 2 0 2 82.79 27.82 
A30 C12H17N3 203.28 15 9 0.33 2 1 2 65.05 56.97 
B1 C7H6N2 118.14 9 9 0 0 1 0 35.19 17.3 
B2 C15H17N3S 271.38 19 14 0.27 2 1 1 82.66 72.08 
B3 C10H10N2O 174.2 13 9 0.1 1 1 1 52.99 48.02 
B4 C14H14ClN3S 291.8 19 14 0.21 2 1 1 82.71 72.08 
B5 C9H8N2O 160.17 12 9 0 1 1 2 48.09 58.88 
B6 C10H10N2O2 190.2 14 9 0.1 1 2 2 54.56 68.25 
B7 C11H12N2O2 204.23 15 9 0.18 2 2 2 59.15 68.25 
B8 C19H22N2O 294.39 22 15 0.26 5 2 0 91.65 17.4 
B9 C8H6N2O 146.15 11 9 0 1 2 0 40.58 34.37 
B10 C9H10N2 146.19 11 9 0.11 0 0 1 47.6 30.95 
B11 C11H13N3O2 219.24 16 9 0.27 3 3 1 64.6 64.85 
B12 C12H16N4O2 248.28 18 9 0.33 5 4 2 72.21 76.88 
B13 C15H20N4O2 288.34 21 9 0.47 6 4 2 88.43 76.88 
B14 C15H22N4O2 290.36 21 9 0.47 8 4 2 86.63 76.88 
B15 C21H31N5O2 385.5 28 9 0.62 9 5 1 122.06 69.26 
 
B16 C19H18N4O4 366.37 27 9 0.26 6 4 0 109.36 99.81 
 
B17 C18H16N4O4 352.34 26 9 0.22 5 4 0 104.55 99.81 
 
B18 C15H19N3O2 273.33 20 9 0.47 5 3 0 85.56 53.99 
B19 C11H8N2O2 200.19 15 9 0.09 2 2 0 59.8 50.75 
B20 C12H8N2O3 228.2 17 9 0.08 3 3 0 65.19 67.82 
B21 C14H15N3O2 257.29 19 9 0.29 4 3 0 77.27 53.99 
B22 C10H9BrN2O2 269.09 15 9 0.2 3 2 0 64.7 50.75 
B23 C11H11BrN2O2 283.12 16 9 0.27 4 2 0 69.51 50.75 
B24 C11H12N5O2 246.25 18 9 0.27 5 5 1 68.53 86.96 
 
B25 C18H24N4O2 328.41 24 9 0.44 9 4 1 99.3 66.02 
B26 C14H18N6O2 302.33 22 9 0.43 7 6 0 83.93 103.74 
B27 C16H19N3O3 301.34 22 9 0.44 6 4 0 90.95 71.06 
B28 C12H11N5O3 273.25 20 9 0.25 6 6 0 71.84 117.57 
 
B29 C4H6N4O 126.12 9 6 0 0 3 3 32.86 98.05 
 
B30 C4H7N5 125.13 9 6 0 0 2 3 35.25 103.84 
 
C1 C5H6N2O2 126.11 9 6 0.2 0 2 2 32.65 65.72 
 
C2 C4H4N2O2 112.09 8 6 0 0 2 2 27.68 65.72 
 
C3 

 
C4H4N2O3 

 
128.09 

 
9 

 
6 

 
0 

 
0 

 
3 

 
3 

 
29.71 

 
85.95 

 
C4 C10H8N2O2 188.18 14 12 0 1 4 2 51.51 66.24 
C5 C4H5N3O 111.1 8 6 0 0 3 2 28.46 72.03 
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C6 C4H9N 71.12 5 0 1 0 1 1 25.94 12.03 
 
C7 

 
C5H5N5 

 
135.13 

 
10 

 
9 

 
0 

 
0 

 
3 

 
2 

 
36.09 

 
80.48 

 
C8 C7H17NO5S 227.28 14 0 1 4 6 2 55.13 84.45 
 
C9 C10H14N2O 178.23 13 6 0.4 1 1 1 56.57 38.49 
 
C10 C6H12ClNO 149.62 9 0 1 2 2 0 41.53 12.47 
 
C11 C5H9NO 99.13 7 0 0.8 0 1 0 31.05 20.31 
 
C12 C13H18N2O 218.29 16 6 0.46 4 2 1 69.65 32.34 
C13 C6H14N2 114.19 8 0 1 2 2 1 38.36 29.26 
 
C14 C9H8N2O7 256.17 18 0 0.44 4 7 0 58.33 110.29 
 
C15 C11H8O2 172.18 13 6 0.09 0 2 0 49.05 34.14 
C16 C10H6O2 158.15 12 6 0 0 2 0 44.24 34.14 
C17 C10H6O3 174.15 13 6 0 0 3 1 45.81 54.37 
C18 C31H46O2 450.7 33 6 0.61 14 2 0 144.72 34.14 
 
C19 C15H10O3 238.24 18 12 0.07 1 3 1 65.88 54.37 
C20 C14H8O4 240.21 18 12 0 0 4 2 63.8 74.6 
 
C21 C10H13N3 175.23 13 9 0.3 2 2 1 53.57 31.92 
 
C22 C14H12N2O 224.26 17 15 0.07 3 2 1 67.07 37.91 
C23 C8H6N2O 146.15 11 9 0 1 2 1 41.48 45.75 
 
C24 C14H17N 199.29 15 6 0.43 1 1 0 67.92 3.24 
C25 C12H16N2O 204.27 15 6 0.42 3 1 1 65.07 32.34 
C26 C12H16N2S 220.33 15 6 0.42 3 0 1 72.27 47.36 
C27 C12H17N 175.27 13 6 0.5 2 1 0 60.14 3.24 
C28 C11H15NO 177.24 13 6 0.45 2 2 1 56.76 21.26 
C29 C12H17NO 191.27 14 6 0.5 2 2 0 61.67 12.47 
C30 C11H14FNO 195.23 14 6 0.45 2 3 1 56.72 21.26 
D1 C12H17NO2S 239.33 16 6 0.5 2 3 1 68.33 54.55 
D2 C7H15NO4S 209.26 13 0 1 4 5 1 52.08 75.22 
 
D3 C13H19NO 205.3 15 6 0.54 3 2 1 66.11 23.47 
D4 C7H9N 107.15 8 6 0.14 1 1 1 34.12 26.02 
D5 C7H8FN 125.14 9 6 0.14 1 2 1 34.07 26.02 
 
D6 C8H8F3N 175.15 12 6 0.25 2 4 1 39.12 26.02 
D7 C8H11NO 137.18 10 6 0.25 2 2 1 40.61 35.25 
 
D8 C10H15NO3 197.23 14 6 0.4 4 4 1 53.59 53.71 
 
D9 C10H15NO2 181.23 13 6 0.4 4 3 1 52 30.49 
 
D10 C14H15N 197.28 15 12 0.14 4 1 1 63.5 12.03 
D11 C7H8N2O2 152.15 11 6 0.14 2 3 1 42.94 71.84 
 
D12 C8H10BrN 200.08 10 6 0.25 1 1 1 46.62 26.02 
D13 C9H9BrN2O3 273.08 15 6 0.22 5 3 1 60.72 74.92 
D14 C9H10BrNO 228.09 12 6 0.22 4 1 1 51.89 29.1 
D15 C9H9BrFNO 246.08 13 6 0.22 4 2 1 51.85 29.1 
D16 C10H12BrNO2 258.11 14 6 0.3 5 2 1 58.39 38.33 
D17 C12H16BrNO4 318.16 18 6 0.42 7 4 1 71.37 56.79 
D18 C10H9BrF3NO 296.08 16 6 0.3 5 4 1 56.9 29.1 
D19 C18H19N3O3 325.36 24 12 0.28 5 4 1 94.37 85.52 
D20 C18H18FN3O3 343.35 25 12 0.28 5 5 1 94.33 85.52 
D21 C19H18F3N3O3 393.36 28 12 0.32 6 7 1 99.38 85.52 
 
D22 C21H25N3O6 415.44 30 12 0.38 8 7 1 113.85 113.21 
D23 C19H21N3O4 355.39 26 12 0.32 6 5 1 100.87 94.75 
D24 C12H11N3O 213.24 16 6 0.17 2 2 1 62.32 70.12 
 
D25 C12H10FN3O 231.23 17 6 0.17 2 3 1 62.28 70.12 
 
D26 C13H10F3N3O 281.23 20 6 0.23 3 5 1 67.32 70.12 
D27 C13H13N3O2 243.26 18 6 0.23 3 3 1 68.81 79.35 
 
D28 C15H17N3O4 303.31 22 6 0.33 5 5 1 81.8 97.81 
D29 C7H5NO3 151.12 11 6 0 2 3 0 40.65 62.89 
D30 C9H9NO5 211.17 15 6 0.22 4 5 0 53.64 81.35 
 
E1 C8H7NO4 181.15 13 6 0.12 3 4 0 47.14 72.12 
E2 C8H7NO4 181.15 13 6 0.12 3 4 0 47.14 72.12 
 
E3 C9H10N2O3 194.19 14 6 0.22 3 3 0 54.86 66.13 
E4 C7H4FNO3 169.11 12 6 0 2 4 0 40.61 62.89 
 
E5 C7H8O 108.14 8 6 0.14 1 1 1 32.57 20.23 



A Fragment-Based Approach for the Development of G-Quadruplex Ligands 

 

127 
 

 
E6 C8H10O 122.16 9 6 0.25 1 1 1 37.38 20.23 
 
E7 C7H8S 124.2 8 6 0.14 1 0 0 39.34 38.8 
E8 C7H8O2 124.14 9 6 0.14 1 2 1 34.96 29.46 
 
E9 C8H10O2 138.16 10 6 0.25 2 2 1 39.06 29.46 
 
E10 C9H11NO5 213.19 15 6 0.33 4 5 1 54.38 84.51 
 
E11 C9H12O3 168.19 12 6 0.33 3 3 1 45.55 38.69 
 
E12 C7H7NO4 169.13 12 6 0.14 2 4 2 43.41 86.28 
 
E13 C7H7NO3 153.14 11 6 0.14 2 3 1 41.39 66.05 
 
E14 C8H7NO3 165.15 12 6 0.12 2 3 0 45.46 62.89 
 
E15 C10H12O3 180.2 13 6 0.3 3 3 0 49.62 35.53 
 
E16 C12H17NO 191.27 14 6 0.42 4 1 0 60.46 20.31 
E17 C10H12O2 164.2 12 6 0.3 2 2 0 48.09 26.3 
E18 C10H8ClNO2S 241.69 15 10 0.1 1 3 0 59.79 55.41 
E19 C9H7ClO2S2 246.73 14 9 0.11 1 2 0 59.87 70.76 
 
E20 C7H8N4 148.17 11 9 0.29 0 3 0 40.71 43.08 
 
E21 C13H11ClO2S 266.74 17 12 0.08 2 2 0 69.93 42.52 
 
E22 C7H5ClO4S 220.63 13 6 0.14 1 4 0 45.59 60.98 
E23 C13H19ClO3S 290.81 18 0 0.69 1 3 0 74.31 51.75 
E24 C13H19ClO3S 290.81 18 0 0.69 1 3 0 74.31 51.75 
E25 C8H6BrClO3S 297.55 14 6 0.25 1 3 0 56.57 51.75 
E26 C10H10ClNO2S 243.71 15 9 0.2 1 2 0 61.25 47.45 
E27 C8H7N 117.15 9 9 0 0 0 1 38.3 15.79 
E28 C15H23N3 245.36 18 9 0.47 7 2 2 77.8 31.06 
E29 C11H14N2 174.24 13 9 0.27 2 1 1 55.77 19.03 
 
E30 C13H19N3 217.31 16 9 0.38 5 2 2 68.19 31.06 
 
F1 C17H14N2 246.31 19 18 0.06 2 0 2 79.61 31.58 
 
F2 C13H19N3 217.6 14 9 0.12 1 3 0 57.67 83.65 
 
F3 C19H18N2 259.71 16 6 0.3 2 3 0 64.53 62.83 
F4 C14H14ClN3O2S 323.8 21 12 0.14 4 4 0 84.35 70.48 
 
F5 C11H11ClN2O2S 270.74 17 11 0.18 2 3 0 66.58 60.34 
F6 C11H12ClNO3S 273.74 17 6 0.36 3 3 0 69.33 62.83 
F7 C9H8ClNO4S 261.68 16 6 0.22 2 4 1 61.68 83.06 
F8 C12H14ClNO3S 287.76 18 6 0.42 4 3 0 74.14 62.83 
F9 C15H24N4 260.38 19 9 0.47 7 2 3 82.21 57.08 
 
F10 C17H30N6 318.46 23 9 0.53 13 5 6 95.63 89.93 
F11 C15H25N5 275.39 20 9 0.47 10 4 5 83.22 77.9 
 
F12 C16H29N7 319.45 23 9 0.56 13 6 6 93.43 102.82 
 
F13 C16H29N5O2 323.43 23 6 0.62 13 7 5 89.84 92.6 
 
F14 C16H29N7 319.45 23 9 0.56 13 6 6 93.43 102.82 
 
F15 C8H6N2O 146.15 11 9 0 1 2 1 41.48 45.75 
 
F16 C10H13N3 175.23 13 9 0.3 2 2 1 53.57 31.92 
 
F17 C12H18N4 218.3 16 9 0.42 5 3 2 65.99 43.95 
F18 C14H22N4 246.35 18 9 0.5 7 3 2 75.6 43.95 
 
F19 C14H20N4 244.34 18 9 0.5 5 3 2 77.4 43.95 
F20 C12H18N4 218.3 16 9 0.42 5 3 2 65.99 43.95 
F21 C14H22N4 246.35 18 9 0.5 7 3 2 75.6 43.95 
 
F22 C14H20N4 244.34 18 9 0.5 5 3 2 77.4 43.95 
F23 C14H24N4O2 280.37 20 6 0.57 10 6 4 77.43 80.57 
F24 C10H13NO2 179.22 13 6 0.4 2 3 0 49.98 21.7 
 
F25 C12H18N2O2 222.28 16 6 0.5 5 4 1 62.4 33.73 
 
F26 C14H22N2O2 250.34 18 6 0.57 7 4 1 72.01 33.73 
 
F27 C14H20N2O2 248.32 18 6 0.57 5 4 1 73.81 33.73 
F28 C10H13NO2 179.09 18 9 0.47 7 2 2 77.8 31.06 
F29 C12H18N2O2 222.14 13 9 0.27 2 1 1 55.77 19.03 
F30 C14H22N2O2 250.17 16 9 0.38 5 2 2 68.19 31.06 
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Table 6. Pharmacokinetics, Drug-Likeliness and Medicinal Chemistry (SWISS-ADME-Filters) 
 

 GI  
absorption 

BBB 
 permeant 

Pgp  
substrate 

CYP1A2 
 inhibitor 

CYP2C19 
 inhibitor 

CYP2C9  
inhibitor 

CYP2D6 
 inhibitor 

CYP3A4 
 inhibitor 

log Kp 
(cm/s) 

Lipinski 
 #violations 

Lead-likeness 
#violations 

A1 High Yes No Yes No No No No -5.74 0 1 
A2 High Yes No Yes No No No No -5.94 0 1 
A3 High Yes No Yes No No No No -6.61 0 1 
A4 High Yes No Yes No No No No -5.76 0 1 
A5 High Yes No Yes No No No No -6.47 0 1 
A6 High Yes Yes Yes No No No No -9.64 0 1 
A7 High Yes No Yes No No No No -6.24 0 1 
A8 High Yes No Yes No No No No -6.61 0 1 
A9 High Yes Yes Yes Yes No No No -6.01 0 1 
A10 High No No Yes No No No No -7.12 0 1 
A11 High Yes No Yes No No No No -6.66 0 1 
A12 High Yes No Yes No No No No -6.25 0 1 
A13 High Yes Yes Yes Yes Yes Yes No -5.39 0 1 
A14 High Yes Yes No No No No No -6.8 0 1 
A15 High Yes No Yes No No No No -6.23 0 1 
A16 High Yes Yes Yes Yes Yes No Yes -5.75 0 0 
A17 High Yes No Yes No No No No -6.61 0 1 
A18 High Yes Yes Yes Yes Yes No Yes -5.47 0 1 
A19 High Yes No Yes No No No No -6.06 0 1 
A20 High Yes No No No No No No -6.52 0 1 
A21 High Yes No No No No No No -6.99 0 1 
A22 High Yes Yes Yes Yes No Yes Yes -5.63 0 0 
A23 High Yes No No No No No No -6.76 0 1 
A24 High Yes Yes Yes No No No No -6.65 0 1 
A25 High Yes Yes Yes Yes No No No -6.01 0 1 
A26 High No No Yes No No No No -7.12 0 1 
A27 High Yes No Yes No No No No -6.66 0 1 
A28 High Yes No Yes No No No No -6.66 0 1 
A29 High Yes Yes Yes Yes Yes Yes No -5.39 0 1 
A30 High Yes Yes No No No No No -6.8 0 1 
B1 High Yes No No No No No No -5.71 0 1 
B2 High Yes Yes Yes Yes Yes No Yes -5.75 0 0 
B3 High Yes No Yes No No No No -6.81 0 1 
B4 High Yes Yes Yes Yes Yes No Yes -5.47 0 1 
B5 High Yes No Yes No No No No -6.69 0 1 
B6 High Yes No No No No No No -6.52 0 1 
B7 High Yes No No No No No No -6.99 0 1 
B8 High Yes No Yes Yes No Yes Yes -5.75 0 0 
B9 High Yes No Yes No No No No -6.03 0 1 
B10 High Yes No Yes No No No No -5.74 0 1 
B11 High Yes No Yes No No No No -6.42 0 1 
B12 High No No No No No No No -6.83 0 1 
B13 High Yes Yes No No No Yes No -6.8 0 0 
B14 High Yes No Yes No No Yes No -6.64 0 1 
B15 High Yes Yes No No No Yes Yes -7.1 0 2 
 
B16 High No No No Yes Yes No Yes -6.11 0 1 
 
B17 High No No No Yes Yes No Yes -6.28 0 1 
 
B18 High Yes No Yes Yes No Yes No -6.09 0 0 
B19 High Yes No Yes No No No No -6.07 0 1 
B20 High Yes No Yes No No No No -6.62 0 1 
B21 High Yes No Yes Yes No No No -6.53 0 0 
B22 High Yes No Yes Yes No No No -6.15 0 0 
B23 High Yes No Yes Yes No No No -5.98 0 0 
B24 High No No Yes No Yes No No -5.85 0 1 
 
B25 High Yes No No Yes No Yes No -6.76 0 1 
B26 High No No Yes Yes Yes No No -6.11 0 0 
B27 High Yes No No Yes No No No -6.64 0 0 
B28 High No No Yes Yes No No No -6.2 0 0 
 
B29 High No No No No No No No -7.43 0 1 
 
 
B30 High No No No No No No No -7.66 0 1 
 
C1 

High No No No No No No No -7.51 0 1 



A Fragment-Based Approach for the Development of G-Quadruplex Ligands 

 

129 
 

 
C2 High No No No No No No No -7.74 0 1 
 
C3 High No No No No No No No -8 0 1 
 
C4 High Yes No Yes No No No No -5.89 0 1 
C5 

High No No No No No No No -7.1 0 1 
 
C6 Low No No No No No No No -6.41 0 1 
 
C7 High No No No No No No No -7.43 0 1 
 
C8 High No No No No No No No -10.26 0 1 
 
C9 High Yes Yes No No No No No -6.9 0 1 
 
C10 Low No No No No No No No -6.87 0 1 
 
C11 Low No No No No No No No -7.29 0 1 
 
C12 High Yes No No No No Yes No -6.28 0 1 
C13 

High No No No No No No No -6.94 0 1 
 
C14 High No No No No No No No -8.75 0 0 
 
C15 High Yes No Yes No No No No -5.79 0 1 
C16 High Yes No Yes No No No No -6.05 0 1 
C17 High Yes No Yes No No No No -6.38 0 1 
C18 

Low No Yes Yes No No No No -1.3 1 3 
 
C19 High Yes No Yes No No No No -5.84 0 1 
C20 

High Yes No Yes No No No Yes -5.17 0 2 
 
C21 High Yes No Yes No No No No -6.55 0 1 
 
C22 High Yes Yes Yes Yes No Yes Yes -5.69 0 1 
C23 

High Yes No Yes No No No No -6.64 0 1 
 
C24 High Yes No No No No Yes No -5.39 0 1 
C25 High Yes No No No No No No -6.16 0 1 
C26 High Yes No Yes Yes No Yes No -5.83 0 1 
C27 Low Yes No No No No Yes No -5.52 0 1 
C28 High Yes No No No No No No -5.95 0 1 
C29 High Yes No No No No Yes No -5.71 0 1 
C30 High Yes No No No No Yes No -5.99 0 1 
D1 High Yes No No No No No No -6.59 0 1 
D2 

High No No No No No No No -9.81 0 1 
 
D3 High Yes No No No No Yes No -6.07 0 1 
D4 High Yes No Yes No No No No -6.18 0 1 
D5 

High Yes No Yes No No No No -6.21 0 1 
 
D6 High Yes No No No No No No -5.96 0 1 
D7 

High Yes No Yes No No No No -6.54 0 1 
 
D8 High Yes No No No No No No -7.28 0 1 
 
D9 High Yes No Yes No No No No -6.79 0 1 
 
D10 High Yes No Yes Yes No Yes No -5.61 0 1 
D11  

High No No No No No No No -6.48 0 1 
 
D12 High Yes No Yes No No No No -6.19 0 1 
D13 High No No Yes Yes No No No -6.79 0 0 
D14 High Yes No Yes No No No No -6.28 0 1 
D15 High Yes No Yes No No No No -6.43 0 1 
D16 High Yes No Yes No No No No -6.6 0 0 
D17 High Yes No Yes Yes No No No -7.01 0 0 
D18 High Yes No Yes Yes No No No -6.18 0 0 
D19 High No Yes No Yes Yes No No -6.72 0 0 
D20 High No Yes No Yes Yes No No -6.76 0 0 
D21 

High No No No Yes Yes No Yes -6.51 0 1 
 
D22 High No Yes No Yes Yes No Yes -7.33 0 2 
D23 High No Yes No Yes Yes No Yes -6.93 0 1 
D24 

High No No Yes No No No No -7 0 1 
 
D25 High No No Yes No No No No -7.04 0 1 
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D26 

 
High 

 
Yes 

 
No 

 
Yes 

 
Yes 

 
No 

 
No 

 
No 

 
-6.79 

 
0 

 
0 

D27 
High No No Yes No No No No -7.21 0 1 

 
D28 High No Yes No No No No No -7.62 0 0 
D29 High Yes No Yes No No No No -5.99 0 1 
D30 

High No No No No No No No -6.76 0 1 
 
E1 High No No No No No No No -6.38 0 1 
E2 High No No No No No No No -6.69 0 1 
 
E3 High Yes No Yes No No No No -6.48 0 1 
E4 

High Yes No No No No No No -6.47 0 1 
 
E5 High Yes No Yes No No No No -6.18 0 1 
 
E6 High Yes No Yes No No No No -6.04 0 1 
 
E7 High Yes No Yes No No No No -5.32 0 1 
E8 

High Yes No No No No No No -5.94 0 1 
 
E9 High Yes No Yes No No No No -6.34 0 1 
 
E10 High No No No No No No No -7.03 0 1 
 
E11 High Yes No No No No No No -6.25 0 1 
 
E12 High No No No No No No No -6.72 0 1 
 
E13 High No No No No No No No -6.35 0 1 
 
E14 High Yes No Yes No No No No -6.4 0 1 
 
E15 High Yes No Yes No No No No -6.38 0 1 
 
E16 High Yes No Yes No No No No -5.46 0 1 
E17 High Yes No Yes No No No No -5.55 0 1 
E18 High Yes No Yes Yes No No No -6.18 0 1 
E19 

High Yes No Yes Yes Yes No No -5.21 0 2 
 
E20 High Yes No Yes No No No No -6.56 0 1 
 
E21 High Yes No Yes Yes Yes No No -5.04 0 1 
 
E22 High Yes No Yes No No No No -6.5 0 1 
E23 High Yes No No Yes No No No -6.92 0 0 
E24 High Yes No No Yes No No No -6.92 0 0 
E25 High Yes No Yes Yes No No No -6.24 0 0 
E26 High Yes No Yes Yes No No No -6.07 0 1 
E27 High Yes No Yes No No No No -5.56 0 1 
E28 High Yes Yes Yes No No Yes No -6.31 0 1 
E29 

High Yes No Yes No No No No -6.1 0 1 
 
E30 High Yes Yes Yes No No Yes No -6.67 0 1 
 
F1 High Yes Yes Yes Yes No Yes Yes -4.89 0 2 
 
F2 High No No Yes Yes Yes No No -5.82 0 1 
 
F3 High Yes No Yes Yes No No No -6.93 0 0 
F4 

High No No Yes Yes Yes No No -5.01 0 1 
 
F5 High Yes No Yes Yes Yes No No -6.03 0 0 
F6 High Yes No Yes Yes No No No -6.68 0 0 
F7 High No No Yes No No No No -6.89 0 0 
F8 High Yes No Yes Yes No No No -6.51 0 0 
F9 

High Yes Yes No No No No No -7.17 0 1 
 
F10 

 
High 

 
Yes 

 
Yes 

 
No 

 
No 

 
No 

 
Yes 

 
No 

 
-6.82 

 
0 

 
0 

F11 
High No Yes No No No Yes No -8.89 1 1 

 
F12 High No Yes No No No Yes No -8.32 0 1 
 
F13 High No Yes No No No No No -9.35 1 1 
 
F14 High No Yes No No No No No -8.93 0 1 
 
F15 High No Yes No No No No No -9.15 1 1 
 
F16 High Yes No Yes No No No No -6.64 0 1 
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Table 7. Lipophillicity and Water Solubility Properties of Fragments (SWISS-ADME-Filters) 
 iLogP xLogP3 WLogP MLOGP ESOL Class Ali LogS Ali Solubility 

(mol/l) 
Ali Class 

A1                    
1.58 2.04 1.77 1.23 Soluble -2.32 4.81E-03 Soluble 

A2                     
1.37 1.77 2.07 1.23 Soluble -2.27 5.42E-03 Soluble 

A3                    
1.08 0.7 1.76 0.91 Very soluble -1.16 6.99E-02 Very soluble 

A4                     
1.79 2.14 2.08 1.53 Soluble -2.42 3.79E-03 Soluble 

A5 2.26 1.51 2.19 1.22 Soluble -1.96 1.09E-02 Very soluble 
A6 2.25 -2.79 3.28 2.66 Highly soluble 2.69 4.94E+02 Highly soluble 
A7 1.61 1.59 1.73 1.33 Soluble -2.12 7.55E-03 Soluble 
A8 1.08 0.7 1.76 0.91 Very soluble -1.16 6.99E-02 Very soluble 
A9 1.89 2.46 2.38 2.42 Soluble -3.45 3.55E-04 Soluble 
A10 0.83 0.23 1.06 0.35 Very soluble -1.21 6.11E-02 Very soluble 
A11 1.17 0.76 1.16 0.7 Very soluble -1.26 5.49E-02 Very soluble 
A12 1.59 1.32 1.77 1.23 Soluble -1.57 2.69E-02 Very soluble 
A13 2.2 3.42 2.93 2.88 Soluble -3.68 2.07E-04 Soluble 
A14 1.83 1.04 1.58 1.22 Soluble -1.83 1.49E-02 Very soluble 
A15 0.5 1.35 1.38 0.49 Soluble -1.91 1.22E-02 Very soluble 
A16 2.4 3.11 3.43 1.81 Soluble -4.29 5.10E-05 Moderately soluble 
A17 1.49 1.18 1.89 0.86 Soluble -1.78 1.64E-02 Very soluble 
A18 

2.58 3.67 3.78 2.08 
Moderately 
soluble -4.87 1.34E-05 Moderately soluble 

A19 1.97 1.83 2.3 1.47 Soluble -1.91 1.22E-02 Very soluble 
A20 0.83 1.32 1.47 0.8 Soluble -2.35 4.42E-03 Soluble 
A21 1.2 0.78 1.4 0.82 Very soluble -1.79 1.61E-02 Very soluble 
A22  

3.02 
 
3.35 

 
3.5 

 
2.51 

 
Soluble 

 
-3.62 

 
2.39E-04 

 
Soluble 

A23 0.8 0.17 0.83 -0.56 Very soluble -0.42 3.82E-01 Very soluble 
A24 2.05 1.35 1.78 1.5 Soluble -1.85 1.40E-02 Very soluble 
A25 1.89 2.46 2.38 2.42 Soluble -3.45 3.55E-04 Soluble 
A26 0.83 0.23 1.06 0.35 Very soluble -1.21 6.11E-02 Very soluble 
A27 1.17 0.76 1.16 0.7 Very soluble -1.26 5.49E-02 Very soluble 
A28 1.17 0.76 1.16 0.7 Very soluble -1.26 5.49E-02 Very soluble 
A29 2.2 3.42 2.93 2.88 Soluble -3.68 2.07E-04 Soluble 
A30 1.83 1.04 1.58 1.22 Soluble -1.83 1.49E-02 Very soluble 
B1 1.63 1.85 1.33 0.72 Soluble -1.83 1.46E-02 Very soluble 
B2 2.4 3.11 3.43 1.81 Soluble -4.29 5.10E-05 Moderately soluble 
B3 1.36 0.78 1.58 0.57 Very soluble -1.37 4.28E-02 Very soluble 
B4 

2.58 3.67 3.78 2.08 
Moderately 
soluble -4.87 1.34E-05 Moderately soluble 

B5 0.83 0.83 1.57 0.27 Very soluble -1.65 2.24E-02 Very soluble 
B6 0.83 1.32 1.47 0.8 Soluble -2.35 4.42E-03 Soluble 
B7 1.2 0.78 1.4 0.82 Very soluble -1.79 1.61E-02 Very soluble 
B8 3.47 3.3 3.52 2.74 Soluble -3.34 4.56E-04 Soluble 
B9 1.03 1.64 1.15 0.09 Soluble -1.97 1.06E-02 Very soluble 
B10 1.58 2.04 1.77 1.23 Soluble -2.32 4.81E-03 Soluble 
B11 1.79 1.71 2.51 0.39 Soluble -2.69 2.05E-03 Soluble 
B12 1.69 1.38 2.06 0.26 Soluble -2.6 2.53E-03 Soluble 
B13 2.2 1.77 2.25 1.46 Soluble -3 9.94E-04 Soluble 
B14 2.68 2.02 2.88 0.65 Soluble -3.26 5.47E-04 Soluble 
B15 3.61 2.18 2.44 2.07 Soluble -3.27 5.40E-04 Soluble 
 
B16 2.62 3.41 4.15 1.75 

Moderately  
soluble -5.19 6.52E-06 Moderately soluble 

 
B17 2.29 3.05 3.76 1.52 Soluble -4.81 1.54E-05 Moderately soluble 
 
B18 2.82 2.65 3.18 2.27 Soluble -3.43 3.67E-04 Soluble 
B19 1.96 2.04 2.79 1.95 Soluble -2.73 1.85E-03 Soluble 
B20 1.7 1.51 2.6 0.51 Soluble -2.54 2.87E-03 Soluble 

 
F17 

 
High 

 
Yes 

 
No 

 
Yes 

 
No 

 
No 

 
No 

 
No 

 
-6.55 

 
0 

 
1 

F18 
High Yes Yes Yes No No No No -7.12 0 1 

 
F19 High Yes Yes Yes No No Yes No -6.77 0 1 
F20 High Yes Yes Yes No No Yes No -6.93 0 1 
F21 

High Yes Yes No No No No No -6.92 0 1 
 
F22 High Yes Yes No No No Yes No -6.57 0 1 
F23 High Yes Yes No No No Yes No -6.74 0 1 
F24 

High No Yes No No No No No -8.37 0 1 
 
F25 High Yes No Yes No No No No -6.14 0 1 
 
F26 High Yes Yes No No No No No -6.7 0 1 
 
F27 High Yes Yes No No No Yes No -6.35 0 

1 

F28 
High Yes No Yes No No No No -6.18 0 1 

F29 
High Yes No Yes No No No No -6.04 0 1 

F30 
High Yes No Yes No No No No -5.32 0 1 
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B21 2.63 1.88 2.7 1.13 Soluble -2.64 2.31E-03 Soluble 
B22 1.91 2.52 3.47 1.36 Soluble -3.23 5.86E-04 Soluble 
B23 2.17 2.88 3.86 1.63 Soluble -3.61 2.48E-04 Soluble 
B24 2.13 2.75 3.01 0.24 Soluble -4.23 5.87E-05 Moderately soluble 
 
B25 3.59 2.18 3.07 1.3 Soluble -3.2 6.31E-04 Soluble 
B26 2.74 2.86 2.64 0.27 Soluble -4.7 2.01E-05 Moderately soluble 
B27 2.55 2.11 2.99 0.82 Soluble -3.23 5.85E-04 Soluble 
B28 1.94 2.49 2.54 -0.34 Soluble -4.6 2.49E-05 Moderately soluble 
 
B29 0.62 -0.51 -0.64 -1.06 Very soluble -1.08 8.30E-02 Very soluble 
 
B30 0.41 -0.84 -0.75 -1.06 Very soluble -0.86 1.38E-01 Very soluble 
 
C1 0.71 -0.62 -0.63 -0.39 Very soluble -0.29 5.15E-01 Very soluble 
 
C2 0.52 -1.07 -0.94 -0.8 Very soluble 0.18 1.51E+00 Highly soluble 
 
C3 0.19 -1.29 -1.23 -0.96 Very soluble -0.02 9.60E-01 Very soluble 
 
C4 1.92 2.2 1.55 1.2 Soluble -3.23 5.95E-04 Soluble 
C5 0.76 -0.17 -0.23 -1.31 Very soluble -0.89 1.30E-01 Very soluble 
 
C6 1.51 0.46 -0.01 0.35 Very soluble -0.28 5.23E-01 Very soluble 
 
C7 0.15 -0.43 -0.06 -0.82 Very soluble -0.8 1.60E-01 Very soluble 
 
C8 0.74 -3.62 0.23 -1.43 Highly soluble 2.43 2.70E+02 Highly soluble 
 
C9 1.71 0.68 0.73 0.83 Very soluble -1.07 8.61E-02 Very soluble 
 
C10 2.11 0.48 0.18 0.57 Very soluble -0.31 4.88E-01 Very soluble 
 
C11 1.48 -0.54 -0.14 0.1 Very soluble 0.58 3.83E+00 Highly soluble 
 
C12 2.58 1.9 1.46 1.72 Soluble -2.2 6.28E-03 Soluble 
C13 1.71 0.08 -0.34 0.21 Very soluble -0.25 5.64E-01 Very soluble 
 
C14 1.19 -1.25 -1.49 -0.58 Very soluble -0.57 2.69E-01 Very soluble 
 
C15 1.74 2.2 2.01 1.2 Soluble -2.55 2.81E-03 Soluble 
C16 1.44 1.71 1.62 0.91 Soluble -2.04 9.07E-03 Soluble 
C17 1.4 1.38 1.51 0.03 Soluble -2.12 7.50E-03 Soluble 
C18 5.96 10.91 9.16 5.64 Poorly soluble -11.59 2.57E-12 Insoluble 
 
C19 1.95 2.69 1.8 1.24 Soluble -3.48 3.28E-04 Soluble 
C20 

2.03 3.65 1.87 0.67 
Moderately 
soluble -4.91 1.24E-05 Moderately soluble 

 
C21 1.81 1.15 1.47 1.06 Soluble -1.41 3.85E-02 Very soluble 
 
C22 2.3 2.78 2.99 1.93 Soluble -3.23 5.86E-04 Soluble 
C23 0.97 0.77 1.38 0.35 Very soluble -1.31 4.89E-02 Very soluble 
 
C24 3.09 3 2.22 3.12 Soluble -2.73 1.85E-03 Soluble 
C25 2.38 1.95 2.13 2.26 Soluble -2.25 5.57E-03 Soluble 
C26 2.67 2.55 2.3 2.33 Soluble -3.19 6.43E-04 Soluble 
C27 2.59 2.6 2.14 2.67 Soluble -2.32 4.82E-03 Soluble 
C28 2.3 2.02 1.44 1.73 Soluble -2.09 8.06E-03 Soluble 
C29 2.66 2.48 1.78 2.01 Soluble -2.39 4.11E-03 Soluble 
C30 2.48 2.12 2 2.14 Soluble -2.2 6.34E-03 Soluble 
D1 2.08 1.65 2.22 1.77 Soluble -2.41 3.90E-03 Soluble 
D2 0.84 -3.15 0.3 -0.62 Highly soluble 2.14 1.37E+02 Highly soluble 
 
D3 2.54 2.09 1.3 2.02 Soluble -2.21 6.13E-03 Soluble 
D4 1.43 1.09 0.99 1.54 Very soluble -1.23 5.91E-02 Very soluble 
D5 1.56 1.2 1.55 1.97 Very soluble -1.34 4.54E-02 Very soluble 
 
D6 1.7 1.98 3.16 2.61 Soluble -2.15 7.04E-03 Soluble 
D7 1.7 0.84 1 1.21 Very soluble -1.16 6.87E-02 Very soluble 
 
D8 2.14 0.32 1.02 0.64 Very soluble -1.01 9.75E-02 Very soluble 
 
D9 2.47 0.86 1.27 1.22 Very soluble -1.08 8.24E-02 Very soluble 
 
D10 2.74 2.67 2.67 3.34 Soluble -2.57 2.66E-03 Soluble 
D11 1.15 1.06 0.9 0.34 Very soluble -2.16 6.92E-03 Soluble 
 
D12 2.24 1.87 2.14 2.61 Soluble -2.04 9.16E-03 Soluble 
D13 1.46 1.65 1.45 1.75 Soluble -2.84 1.46E-03 Soluble 
D14 1.8 1.99 1.55 2.03 Soluble -2.23 5.92E-03 Soluble 
D15 1.91 1.93 2.11 2.44 Soluble -2.17 6.84E-03 Soluble 
D16 2.2 1.8 1.55 1.7 Soluble -2.22 5.97E-03 Soluble 
D17 2.54 1.74 1.57 1.1 Soluble -2.55 2.82E-03 Soluble 
D18 2.09 2.71 3.72 2.99 Soluble -2.97 1.06E-03 Soluble 
D19 2.55 2.2 1.71 1.9 Soluble -3.63 2.34E-04 Soluble 
D20 2.66 2.3 2.27 2.29 Soluble -3.73 1.85E-04 Soluble 
 
D21 3.08 3.09 3.88 2.74 

Moderately 
soluble -4.55 2.80E-05 Moderately soluble 

 
D22 

 
3.01 

 
2.12 

 
1.74 

 
1.03 

 
Soluble 

 
-4.13 

 
7.44E-05 

 
Moderately soluble 
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D23 2.75 2.17 1.72 1.61 Soluble -3.79 1.61E-04 Soluble 
D24 1.64 0.84 0.58 0.57 Very soluble -1.9 1.27E-02 Very soluble 
 
D25 1.71 0.94 1.14 0.97 Very soluble -2 1.00E-02 Very soluble 
 
D26 1.9 1.72 2.75 1.5 Soluble -2.81 1.55E-03 Soluble 
D27  

2 
 
0.81 

 
0.59 

 
-0.13 

 
Very soluble 

 
-2.06 

 
8.75E-03 

 
Soluble 

 
D28 2.22 0.75 0.61 -0.69 Soluble -2.38 4.14E-03 Soluble 
D29 0.89 1.74 1.41 1.07 Soluble -2.68 2.10E-03 Soluble 
D30 1.22 1.16 1.42 -0.2 Very soluble -2.46 3.44E-03 Soluble 
 
E1 1.09 1.45 1.42 0.03 Soluble -2.57 2.69E-03 Soluble 
E2 1.05 1 1.42 0.03 Very soluble -2.1 7.88E-03 Soluble 
 
E3 1.31 1.41 1.47 0.35 Soluble -2.4 3.95E-03 Soluble 
E4 0.88 1.22 1.97 1.51 Very soluble -2.14 7.28E-03 Soluble 
 
E5 1.66 1.1 1.03 1.54 Very soluble -1.12 7.63E-02 Very soluble 
 
E6 1.69 1.42 1.42 1.87 Very soluble -1.45 3.55E-02 Very soluble 
 
E7 1.79 2.45 1.96 2.61 Soluble -2.91 1.23E-03 Soluble 
E8 1.56 1.58 1.4 1.15 Soluble -1.81 1.55E-02 Very soluble 
 
E9 1.92 1.13 1.04 1.21 Very soluble -1.34 4.55E-02 Very soluble 
 
E10 

 
1.61 

 
0.81 

 
0.95 

 
-0.11 

 
Very soluble 

 
-2.17 

 
6.82E-03 

 
Soluble 

 
E11 2.24 1.51 1.04 0.92 Soluble -1.93 1.17E-02 Very soluble 
 
E12 0.22 0.86 0.64 -0.22 Very soluble -2.26 5.55E-03 Soluble 
 
E13 0.99 1.24 0.94 0.34 Very soluble -2.22 5.96E-03 Soluble 
 
E14 1.1 1.28 1.8 0.59 Very soluble -2.2 6.31E-03 Soluble 
 
E15 2.19 1.44 1.91 1.13 Soluble -1.79 1.62E-02 Very soluble 
 
E16 2.5 2.83 2.74 2.31 Soluble -2.91 1.22E-03 Soluble 
E17 2.18 2.47 2.21 1.74 Soluble -2.67 2.15E-03 Soluble 
E18 1.95 2.24 3.55 1.55 Soluble -3.04 9.14E-04 Soluble 
E19 

2.18 3.66 4.22 2.18 
Moderately 
soluble -4.84 1.46E-05 Moderately soluble 

 
E20 1.65 0.9 0.74 0.47 Very soluble -1.39 4.08E-02 Very soluble 
 
E21 2.52 4.06 4.67 3.34 

Moderately 
soluble -4.66 2.20E-05 Moderately soluble 

 
E22 2.05 1.61 2.42 0.67 Soluble -2.5 3.14E-03 Soluble 
E23 3.12 1.62 4.44 2.12 Soluble -2.32 4.80E-03 Soluble 
E24 3.12 1.62 4.44 2.12 Soluble -2.32 4.80E-03 Soluble 
E25 2.18 2.64 3.39 1.88 Soluble -3.38 4.19E-04 Soluble 
E26 2.17 2.42 3.5 1.59 Soluble -3.06 8.73E-04 Soluble 
E27 1.43 2.05 2.17 1.57 Soluble -2.01 9.77E-03 Soluble 
E28 2.99 2.09 2.45 1.75 Soluble -2.37 4.24E-03 Soluble 
E29 1.88 1.78 2.08 1.55 Soluble -1.8 1.59E-02 Very soluble 
 
E30 2.53 1.35 1.67 1.23 Soluble -1.6 2.49E-02 Very soluble 
 
F1 1.99 4.1 4.24 3 

Moderately 
soluble -4.47 3.40E-05 Moderately soluble 

 
F2 2.02 2.8 3.61 1.27 Soluble -4.21 6.12E-05 Moderately soluble 
 
F3 1.99 1.34 2.22 1.23 Soluble -2.26 5.48E-03 Soluble 
F4 

2.94 4.6 5.18 2.57 
Moderately 
soluble -5.8 1.57E-06 Moderately soluble 

 
F5 2.33 2.71 3.5 1.8 Soluble -3.63 2.34E-04 Soluble 
F6 2.21 1.81 2.61 1.51 Soluble -2.75 1.78E-03 Soluble 
F7 1.49 1.42 2.35 0.92 Soluble -2.77 1.70E-03 Soluble 
F8 2.38 2.17 3 1.78 Soluble -3.12 7.54E-04 Soluble 
F9 2.14 0.77 1.26 0.64 Very soluble -1.55 2.83E-02 Very soluble 
 
F10 2.51 1.51 2.04 1.16 Soluble -2.32 4.82E-03 Soluble 
F11 3.11 -0.91 -0.17 -0.25 Very soluble -0.5 3.20E-01 Very soluble 
 
F12 2.52 -0.48 0.24 0.07 Very soluble -0.69 2.05E-01 Very soluble 
 
F13 2.61 -1.55 -0.77 -0.62 Very soluble -0.1 7.91E-01 Very soluble 
 
F14 3.75 -0.92 -0.92 -0.45 Very soluble -0.54 2.88E-01 Very soluble 
 
F15 2.31 -1.27 -0.77 -0.48 Very soluble -0.39 4.05E-01 Very soluble 
 
F16 0.97 0.77 1.38 0.35 Very soluble -1.31 4.89E-02 Very soluble 
 
F17 1.81 1.15 1.47 1.06 Soluble -1.41 3.85E-02 Very soluble 
F18 2.38 0.72 1.06 0.78 Very soluble -1.22 6.01E-02 Very soluble 
 2.81 1.45 1.84 1.31 Soluble -1.98 1.05E-02 Very soluble 
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F19 
F20 2.32 1.21 1.22 1.31 Soluble -1.73 1.86E-02 Very soluble 
F21 2.11 1 1.06 0.92 Very soluble -1.51 3.08E-02 Very soluble 
 
F22 2.47 1.73 1.84 1.45 Soluble -2.27 5.38E-03 Soluble 
F23 2.32 1.48 1.22 1.45 Soluble -2.01 9.77E-03 Soluble 
F24 3.01 -0.5 -0.51 -0.15 Very soluble -0.72 1.89E-01 Very soluble 
 
F25 2.55 1.77 1.32 1.23 Soluble -1.84 1.43E-02 Very soluble 
 
F26 3.03 1.34 0.91 0.96 Soluble -1.65 2.24E-02 Very soluble 
 
F27 3.61 2.08 1.69 1.49 Soluble -2.42 3.82E-03 Soluble 
F28 2.33 2.71 3.5 1.8 Soluble -3.63 2.34E-04 Soluble 
F29 2.21 1.81 2.61 1.51 Soluble -2.75 1.78E-03 Soluble 
F30 1.49 1.42 2.35 0.92 Soluble -2.77 1.70E-03 Soluble 

 

From our investigation based on primary SWISS-ADME filters, we got the impression that all the 

designed and optimized fragments are obeying the basic requirements to be screen as small drug-

like molecule to target G4 DNA sequences. 

2.9 Fragments screening with Fluorescent indicator displacement (FID) assays 

 

The screening of all the primarily selected fragments and the optimized set of fragments are 

reported in this part of the thesis. Firstly, we did screening of all the commercial and synthesized 

fragments by FID assays to check the binding to a DNA G4 derived from the c-MYC promoter by 

using fluorescent indicator displacement (FID) employing thiazole orange (TO). The screening 

library comprised 180 structurally and chemically diverse ligands (130 commercial and 50 

synthesized). Amongst them, the top 11 confirmed and profiled hits selected from the intensive 

FID screen for binding to c-MYC promoter G4 DNA (Fig. 50a and 50b) were used in molecular 

modelling with the solution NMR structure for the c-MYC-G4 (PDB entry 2L7V; see below and 

table 10).86  

 

 

 

 

 

 

 

 

 

 



A Fragment-Based Approach for the Development of G-Quadruplex Ligands 

 

135 
 

 

 

T
O

+
D

N
A

A
1

A
2

A
3

A
4

A
5

A
6

A
7

A
8

A
9

A
1

0

A
1

1

A
1

2

A
1

3

A
1

4

A
1

5

A
1

6

A
1

7

A
1

8

A
1

9

A
2

0

A
2

1

A
2

2

A
2

3

A
2

4

A
2

5

A
2

6

A
2

7

A
2

8

A
2

9

A
3

0

B
1

B
2

B
3

B
4

B
5

B
6

B
7

B
8

B
9

B
1

0

B
1

1

B
1

2

B
1

3

B
1

4

B
1

5

0

5 0 0 0

1 0 0 0 0

1 5 0 0 0

2 0 0 0 0

2 5 0 0 0

R
e

la
ti

v
e

F
lo

u
r
e

s
c

e
n

c
e

 I
n

te
n

s
it

y

 

T
O

+
D

N
A

B
1

6

B
1

7

B
1

8

B
1

9

B
2

0

B
2

1

B
2

2

B
2

3

B
2

4

B
2

5

B
2

6

B
2

7

B
2

8

B
2

9

B
3

0

C
1

C
2

C
3

C
4

C
5

C
6

C
7

C
8

C
9

C
1

0

C
1

1

C
1

2

C
1

3

C
1

4

C
1

5

C
1

6

C
1

7

C
1

8

C
1

9

C
2

0

C
2

1

C
2

2

C
2

3

C
2

4

C
2

5

C
2

6

C
2

7

C
2

8

C
2

9

C
3

0

0

5 0 0 0

1 0 0 0 0

1 5 0 0 0

2 0 0 0 0

2 5 0 0 0

R
e

la
ti

v
e

F
lo

u
r
e

s
c

e
n

c
e

 I
n

te
n

s
it

y

 

Figure 50a. Thiazole Displacement assays of screened fragments Series I (A), Series II (B), Series III (C) 

Series IV (D), Series V (E) Series VI (F); Experimental condition: 0.25 µM DNA, 0.5 µM Thiazole Orange, 10 

% DMSO, 20 mM Na caco, 140 mM KCl, pH 7 (25 µL/well) 



A Fragment-Based Approach for the Development of G-Quadruplex Ligands 

 

136 
 

 

 

T
O

+
D

N
A

D
1

D
2

D
3

D
4

D
5

D
6

D
7

D
8

D
9

D
1

0

D
1

1

D
1

2

D
1

3

D
1

4

D
1

5

D
1

6

D
1

7

D
1

8

D
1

9

D
2

0

D
2

1

D
2

2

D
2

3

D
2

4

D
2

5

D
2

6

D
2

7

D
2

8

D
2

9

D
3

0

E
1

E
2

E
3

E
4

E
5

E
6

E
7

E
8

E
9

E
1

0

E
1

1

E
1

2

E
1

3

E
1

4

E
1

5

0

5 0 0 0

1 0 0 0 0

1 5 0 0 0

2 0 0 0 0

2 5 0 0 0

R
e

la
ti

v
e

F
lo

u
r
e

s
c

e
n

c
e

 I
n

te
n

s
it

y

 

T
O

+
D

N
A

E
1

6

E
1

7

E
1

8

E
1

9

E
2

0

E
2

1

E
2

2

E
2

3

E
2

4

E
2

5

E
2

6

E
2

7

E
2

8

E
2

9

E
3

0

F
1

F
2

F
3

F
4

F
5

F
6

F
7

F
8

F
9

F
1

0

F
1

1

F
1

2

F
1

3

F
1

4

F
1

5

F
1

6

F
1

7

F
1

8

F
1

9

F
2

0

F
2

1

F
2

2

F
2

3

F
2

4

F
2

5

F
2

6

F
2

7

F
2

8

F
2

9

F
3

0

0

5 0 0 0

1 0 0 0 0

1 5 0 0 0

2 0 0 0 0

2 5 0 0 0

R
e

la
ti

v
e

F
lo

u
r
e

s
c

e
n

c
e

 I
n

te
n

s
it

y

 

Figure 50b. Thiazole Displacement assays of screened fragments Series I (A), Series II (B), Series III (C) 

Series IV (D), Series V (E) Series VI (F); Experimental condition: 0.25 µM DNA, 0.5 µM Thiazole Orange, 10 

% DMSO, 20 mM Na caco, 140 mM KCl, pH 7 (25 µL/well) 
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2.10 Molecular Docking studies  

 

To gain molecular insight into the possible binding mode of the most promising scaffolds, 

molecular docking studies were performed with the c-MYC G4 (PDB: 2L7V) at both 5′- and 3′-

ends using Autodock 4.2 tools.87 Prior to docking, all ligand conformations of best conjugates 

were optimized with Gaussian 3.0 with the semi empirical PM3 force field. Molecular docking for 

best 11 fragments generated from our primary FID screening were performed into the binding 

sites at the two ends of c-MYC G4-NMR structure of the 2:1 quindoline: MYC G4 complex in K+ 

solution (PDB ID 2L7V).86 Docking studies for best ligand in this series compound 7 & 5 gave 

similar docking scores for the 5′- and 3′-complexes at - 5.43 and - 5.48 kcal/mol, respectively 

(Table 8). Several similar binding poses predicted by the docking experiment for both the 5′- and 

3′- sites. 

 

 

Figure 51. Binding pose for optimized fragments with 2L7V (2:1) Quindoline-c-MYC DNA (solution 

structure of c-MYC G-quadruplex pu22 (PDB ID: 2L7V) suggested by Autodock 4.2. 

The overall binding modes of the indole scaffolds resembles those of quindoline in the NMR 

structure of the 2:1 quindoline: MYC G4 complex.86 Notably, the central aromatic core of scaffold 

5, 7 and 12 are stacking very well with both the 5- and 3-external tetrads, making extensive 

stacking interactions (Fig. 51). The positively charged pyrrolidine side chains of scaffolds 5, 7 and 
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12 bind in the c-MYC G4 groove and form intermolecular salt bridges with phosphate groups on 

the nucleotide backbone. 

Table 8. Ranking of ligands based upon their binding energies generated after docking analysis of 3, A2, 

9a, 9, B12, 12, 7, 5, 24b, 25b & 23c 

Binding Energy (kcal/mol) 

 
7 

 

-5.65 -5.45 -5.13 -4.87 -4.65 -4.60 

5 

 

-5.37 -5.08 -4.82 -4.48 -4.48 -4.29 

12 

 
 

-5.45 -5.36 -4.75 -4.71 -4.67 -4.66 

9 

 

-5.34 -4.76 -4.62 -4.61 -4.50 -4.25 

A-2 

 

-4.62 -4.55 -4.49 -4.60 -4.60 -4.60 

3 

 

-4.58 -4.50 -4.48 -4.40 -4.37 -4.33 

9a 

 

-3.94 -3.89 -3.88 -3.84 -3.84 -3.83 

24b 

 

-0.25 4.33 4.95 5.48 5.7 8.61 

25b 

 
 

0.18 1.18 2.11 2.99 4.62 5.81 

23c 

 

0.49 0.56 2.07 3.09 3.92 4.82 
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2.11 SWISS-ADME analysis of best lead fragments 

 

The drug-likeliness, Physico-chemical, pharmacokinetics, and lipophilicity properties calculated 

for the four best ligands 5, 7, 9a and 12 along with parent compound 388 by SWISS-ADME filters 

suggests that the miLog P value of all fragments developed was found to be < 5 (3.88), suggesting 

that these molecules have a good permeability across the cell membrane. The molecular weights 

of all selected ligands are less than 500 g/mol, on average 234.34 g/mol. The number of hydrogen 

bond acceptors (O and N atoms) (NOHNH=1) and number of hydrogen bond donors (NH and OH; 

nON=2) of best ligands were found to be less than 5, respectively, and were in good agreement 

with the Lipinski’s rule of five (Table  6). While the ADME radar and the drug-likeliness 

parameters are not optimal for 3, the values for the developed compounds fit into the allowed 

region of the ADME radar (Fig.52). The above-determined molecular properties of all the 

fragments justify their use as a possible screening candidate for Fluorescent indicator 

displacement (FID) assays screening assays.89 

 
 

Figure 52. SWISS ADME Radar of 9a and novel substituted 5-nitro indole derivatives 12, 7 & 5. Light red 

regions indicate preferred regions using the following borders: LIPO (Lipophillicity): -0.7 < XLOGP3 < +5.0; 

SIZE: 150 g/mol < MW < 500 g/mol; POLAR (Polarity): 20 Å2 < TPSA < 130 Å2; INSOL (Insolubility): 0 < 

LOGS (ESOL) < 6; INSATU (Insaturation): 0.25 < Fraction CSP3 < 1; FLEX (Flexibility): 0 < Num.rotable 

Bonds < 9 (Table 6). 
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2.12 DC50 and Ki values estimation for the top 5 fragments:  FID assays 

 

The affinity of four best ligands 5, 7, 9, 9a and 12 along with parent compound 388 for different 

folded G4s was further investigated by measuring the ability of the ligands to displace the bound 

thiazole-orange (TO) from pre-folded G-quadruplexes90 and duplex oligonucleotide sequences 

and determining their Ki values. All the optimized hit molecules generated from the indole 

pharmacophore (5, 7, 9a and 12) showed a very strong affinity towards c-MYC G4 DNA compared 

to the other G4s and compared to duplex DNA with Ki values ranging from 2-5 µM (Fig. 53 & 54, 

Table 9 & 10).  

Table 9. DC50 values for the most active ligands for Pu-22 c-MYC G-quadruplex sequence c-MYC; c-KIT-1; 

BCL-2; h-TELO; ds-DNA-24 & ds-DNA-27 

 

 

Table 10. Ki values for the most active ligands based on their bound TO-displacement ability for Pu-22 c-

MYC G-quadruplex sequence c-MYC; c-KIT-1; BCL-2; h-TELO; ds-DNA-24 & ds-DNA-27 

 

 

 

DC50 ( µM) 7 5 12 9 9a 3 
 

Pu-22 c-

MYC 

3.34 5.08 6.89 4.45 3.826 3.70 

c-KIT-1 11.42 8.931 9.70 8.931 10.143 8.60 

BCL2 33.22 29.13 33.26 22.16 29.13 37.43 

h-Telo- 22 138.99 142.65 129.86 105.10 129.89 138.77 

ds-DNA-24 512.36 568.12 586.89 405.55 512.36 556.0 

ds-DNA-27 2103.13 2345.12 2360.45 1670.56 2316.12 2466.0 

Ki ( µM)   7 5 12 9 9a 3 
 

 Pu-22 c-MYC 2.904 4.42 5.59 3.87 3.32 3.22 

c-KIT-1 10.21 7.83 8.85 8.93 8.89 7.54 

BCL2 29.37 25.75 29.17 19.43 25.75 32.43 

h-Telo- 22 122.39 126.13 104.13 84.74 104.13 111.29 

ds-DNA-24 464.13 515.23 532.86 368.12 464.13 504.53 

ds-DNA-27 1861.13 2075.12 2088.3 1478.26 2049.66 2182.15 
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Figure 53. Ki value plots for the most active ligands for promoter G-Quadruplex sequences c-MYC, c-KIT-1 

based on Thiazole Displacement Assays ; Titration scheme of c-MYC: c(TO) = 0,5 μM; c(cMYC) = 0,5 μM; 

c(DMSO) = 10%; c (Ligand) = 256 μM, 128 μM, 64 μM, 32 μM, 16 μM, 8 μM, 4 μM, 2 μM, 1 μM, 0.5 μM, 0.25 

μM, 0.125 μM, 0.0625 μM; r.t; Titration of c-KIT1: c(TO) = 0,5 μM; c(c-KIT-1)) = 0,25 μM; c(DMSO) = 10%; 

c(Ligand) = 1024 μM , 512 μM, 256 μM, 128 μM, 64 μM, 32 μM, 16 μM, 8 μM, 4 μM, 2 μM, 1 μM, 0,5 μM, 0,25 

μM, 0,125 μM; r.t 

 

 
 
 
 
  
 
 
 
 
 
 
 
  
  
 
 
 

 

 

Figure 54. Ki value plots for the most active ligands for promoter G-Quadruplex sequences BCL-2, h-TELO, 

ds-DNA-24 and ds-DNA-27 based on Thiazole Displacement Assays; Titration scheme of BCL-2: c(TO) = 0,5 

μM; c(BCL-2)) = 0,25 μM; c(DMSO) = 10%; c(Ligand) = 1024 μM , 512 μM, 256 μM, 128 μM, 64 μM, 32 μM, 

16 μM, 8 μM, 4 μM, 2 μM, 1 μM, 0,5 μM, 0,25 μM, 0,125 μM; r.t; Titration of h-Telo-DNA: c(TO) = 0,5 μM; 

c(cMYC) = 0,5 μM; c(DMSO) = 10%; c(Ligand) = 5012 μM, 2056 μM, 1028 μM, 604 μM, 302 μM, 106 μM, 80 

μM, 40 μM, 20 μM, 10 μM, 5 μM , 1 μM, 0,5 μM; r.t; Titration of ds-DNA-27: c(TO) = 0,5 μM; c(cMYC) = 0,5 

μM; c(DMSO) = 10%; 80192 μM, 40096 μM , 20048 μM, 10024 μM, 5012 μM, 2056 μM, 1028 μM, 604 μM, 

302 μM, 106 μM, 20 μM, 10 μM, 5 μM; r.t; Titration of  ds-DNA-24-Bp: c(TO) = 0.5 μM; c(cMYC) = 0.25 μM; 

c(DMSO) = 10%; c(Ligand) = 20048 μM, 10024 μM, 5012 μM, 2056 μM, 1028 μM, 604 μM, 302 μM, 106 μM, 

80 μM, 40 μM, 20 μM, 10 μM, 5 μM; r.t 
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2.13  1D-NMR: Ligand binding observed by NMR-spectroscopy 

 

The best fragments 5, 7, 9a and 12 along with parent compound 388 were further studied by NMR 

spectroscopy for their interaction with c-MYC promoter G4. The interactions of 3, 5, 7, 9a and 12 

with c-MYC G4 were further studied by NMR spectroscopy. Figure 55 shows NMR spectra of the 

DNA-ligand complexes at a ratio of 1:4 (DNA: ligand). In the spectrum of the DNA alone, signals 

(indicated by grey boxes) of minor conformations of the DNA are well visible. These signals 

disappear upon addition of ligand, indicating the stabilization of the major conformation upon 

binding. For ligands 3, 9a only minor chemical shift perturbations, and weak line broadening are 

observed corresponding to weak binding in fast exchange regime. This differs drastically for 

ligand 12 where severe line broadening in combination with chemical shift changes e.g. nicely 

visible for G13 of the DNA, indicate stronger interactions in the intermediate exchange regime. 

Strong chemical shift perturbations are observed for compound 5 and even more so for ligand 7 

coupled to only slight line broadening, allowing a detailed examination of the interactions 

between the DNA and the ligand as shown for ligand 7 in figure 53. Already at a DNA:ligand ratio 

of 1:1, signals of minor conformations have disappeared and shifting of a significant number of 

signals rather than appearance of new signals indicate binding in fast exchange. Most prominent 

chemical shift perturbations with values (positive and negative) around 0.06 ppm at ratio 1:1 are 

observed for imino-signals of G19, G15 and G6, located at the 3’-tetrad of G4. Perturbations 

between 0.034 and 0.045 ppm are observed for the imino-signals of G4, G8 and G14, while all 

other perturbations are in magnitude smaller than 0.022 ppm. G4, G8 and G14 belong to the 5’-

tetrad. These findings indicate that the ligand binds to both, the 3’ and the 5’ tetrad with slight 

preference for the 3’-tetrad. This trend is also seen at 1:2 ratio where CSPs for the respective 6 

imino-signals are between 0.68 and 1.2 ppm in magnitude while they are less than 0.037 ppm for 

the other iminos. 
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Figure 55. c-MYC-ligand interactions observed by 1H proton NMR spectra (imino and aromatic region). a) 

Comparison of interactions of c-MYC with different ligands at a DNA: ligand ratio of 1:4. Signals clearly 

belonging to the respective ligand are indicated by asterisks. b) Interactions of ligand 7 with c-MYC at 

different DNA: ligand ratios. (a+b) assignments91 of imino-signals  and clearly separated aromatic protons 

of loop and tail residues are indicated; grey boxes indicate signals of minor conformations; Experimental 

conditions:  

 

Observation of binding or structural rearrangement of residues in loop and capping structures 

can be achieved by investigation of the aromatic region of the spectra. Signals of A12, A22, T1, 

T20 and A21 are reasonably well resolved to allow the assessment of behaviour upon binding. As 

A12 does not shift upon binding the loop does not change its environment upon binding. This is 
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different for T1, T20, A21 and A22. These residues located in the capping structures are 

perturbed significantly upon binding indicating rearrangement of the capping structures to 

accommodate the ligands. This rearrangement allowing to accommodate the ligand is also seen 

in the literature for c-MYC,86 as well as for other G4s.92     

2.14 Cell Cytotoxicity and Cell cycle analysis 

 

Substituted indole derivatives inhibit proliferation of cancer cells and induces cell cycle 

arrest: The best fragments 5, 7, 9a and 12 along with parent compound 388 were further 

analysed in vitro by cell viability assays. HeLa cells were used to perform the cell proliferation 

assay, as they were not only having high levels of c-MYC expression but were also used for similar 

studies.93 As described in the materials and methods, Hela cells were exposed with various 

increasing concentrations (0-50 µM) of the candidate compounds and the parent fragment 388 to 

delineate the effects of defined chemical modifications. The percentage of living cells was then 

measured with Alamar-Blue reagent, by monitoring the absorbance of pink colored and highly 

red fluorescent resorufin (7-hydroxy-3H-phenoxazin-3-one) which is basically the irreversible 

reduced product of Alamar-Blue, resazurin (7-Hydroxy-3H-phenoxazin-3-one 10-oxide).94 

Compound 7 and 5 exhibited significantly enhanced inhibitory effect on the cellular proliferation 

of HeLa cells showing an IC50 value of 5.08 µM & 5.89 µM respectively (Fig. 56A and Table 11) 

while the other three compounds have less effects on the inhibition of cellular proliferation. 

 

Table 11. IC50 values derived for fragments screened via FID assays 9a, 9b, 10a and 10b in HeLa cell line 

after 72 h treatment. 

G-Quadruplex Ligands 

 3 9a 12 7 
 

5 A2 9 10 24b 25b 23c 

IC50 

(μM)  
˃ 45  ˃ 45  ˃ 45 5.08 

 
5.89 
 

˃ 50 
 

˃ 50 
 

˃ 50  
 

˃ 50 
 

˃ 50 
 

˃ 50  
 

 

2.15 Western Blot analysis 

 

Down-regulation of c-MYC expression in human cancer cells: To further investigate the 

effects of   these fragments 5, 7, 9a and 12 along with parent compound 388 at the translational 

level, HeLa cells were treated with defined concentrations of the ligands for 24 h and the 

expression levels of c-MYC protein relative to the control cells were obtained using western 

blotting with an anti-c-MYC antibody. Protein expression levels calculated for ligand treated cells 



A Fragment-Based Approach for the Development of G-Quadruplex Ligands 

 

145 
 

from densitometry analysis of Western blots were normalized against untreated control cells. In 

Hela cells treated with 12, 7 & 5, the c-MYC protein expression was downregulated by 30 % at 3 

μM & 50 % at 10 μM, respectively (see 56B). The expression levels of the GAPDH, a housekeeping 

gene, was not affected by these ligands and similar to the control cells. These results suggest that 

the 12, 7 & 5 can down regulate c-MYC expression at protein levels in Hela cancer cell lines, which 

is in good agreement with the cell viability assay.   

 

 

 

Figure 56. Effect of G4-Ligands on the cellular expression of c-MYC downstream genes.  A)  IC50 denotes in 

HeLa cell line after 72 h treatment (see panel A), MYC is the downregulation of protein level (see panel B) 

and NMR classifies the interactions seen by NMR-spectroscopy (see figure 55). B) Bar diagram 

representing the suppression of c-MYC protein expression in HeLa cells upon treatment with 3 & 10 μM of 

G4-Ligands and Western blot analysis for c-MYC gene expression in of 3, 5, 7, 9a and 12 treated HeLa cells 

(C= Hela cell alone control and D = DMSO control). 

2.16 Cell cycle analysis 

 

Cell cycle analysis were performed to investigate the effect of ligands on different phases of the 

cell cycle distribution in Hela cells, we performed propidium iodide (AAD)-mediated cell cycle 

analysis experiments. Untreated control cells maintained a high percentage (68.1 %) of the total 

population in G0/G1 phase with 29.1 % in S/G2phases, respectively. On exposure to compound 

5 at 5 μM concentration, cells displayed a prominent G1 phase arrest in flow cytometry (see figure 

56). The G0/G1 cell population increased to 79.8 % upon incubation with compound 7 for 24 h 

at 5-μM concentration.  
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Figure 57. Cell cycle analysis of HeLa cells treated with Compound 5 and 7 at 5 μM concentrations for 24 

h. 

The percentage of G0/G1 phase cells at 24 h incubation with Compound 5 is increased to 75.2 % 

(Fig. 57). The observed increase in G0/G1 population suggested that the compounds caused a 

significant block for S/G2-phase progression, most probably by hindering the DNA unwinding 

due to ligand-mediated stabilization of promoter c-MYC G-quadruplexes. The FACS analysis thus 

suggests that upon treatment with 5 and 7, cells undergo G1 arrest with concomitant decrease of 

S-phase population thereby leading to cell death. 

2.17 Conclusion  

 

 

Figure 58. Fragment optimization strategy to preferential target promoter c-MYC G4s. 

In the present study, we set out to identify new binders targeting the c-MYC G-quadruplex starting 

from the indole fragment. Several synthetic strategies were reported to optimize and generate 

best hits starting from 5-nitro indole derivatives by introducing the secondary cationic linked 

pyrrolidine side chain (Fig.58). Interestingly, all improved versions of G4-indole fragments 5, 7 
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and 12 contain this 5-nitro functionality, which may aid in the electrostatic binding and 

contributes to hydrogen binding interactions of the ligands to G4 DNA. In-silico drug design, 

biological and biophysical analyses illustrate that substituted 5-nitro indoles scaffolds show 

preferential affinity towards the c-MYC promoter G-quadruplex compared to other G-

quadruplexes and double stranded DNA. In vitro cellular studies confirm that the substituted 

indole scaffolds downregulate c-MYC expression in cancer cells and have the potential to induce 

cell cycle arrest in the G0/G1 phase. NMR analysis suggests that 5, 7, and 12 interacts in a fast 

exchange regime with the terminal G-quartets (5’ and 3’end) in a 2:1 stoichiometry.  

2.18 Experimental Section 

 

Synthesis 

Chemistry. All solvents and reagents were purified by standard techniques or used as supplied 

from commercial sources (Sigma-Aldrich Corporation unless stated otherwise). All reactions 

were generally carried out under inert atmosphere unless otherwise noted. TLC was performed 

on Kieselgel 60 F254 plates, and spots were visualized under UV light. Products were purified by 

flash chromatography on silica gel (100-200 mesh). 1H NMR spectra were recorded on 600 MHz 

instruments at 298 K. 13C NMR spectra were recorded at 151 MHz with proton decoupling. 

Chemical shifts are reported in parts per million (ppm) and are referred to the residual solvent 

peak. The following notations are used: singlet (s); doublet (d); triplet (t); quartet (q); multiplet 

(m); broad (br). Coupling constants are quoted in Hertz and are denoted as J. Mass spectra were 

recorded on a Micromass Q-Tof (ESI) spectrometer. Purity of the for key target compounds are 

detected by HPLC system [Waters e2695 (alliance), Column: GRACE-C18 (250 mm x 4.6 mm x 5 

mm), Mobile phase: 1% TFA Buffer and ACN & Methanol, Flow rate: 1 mL/min] consisting of low 

pressure gradient pump plus auto sampler and Photo Diode Array (PDA) detector. The output 

signal was monitored and processed using Empower 2 software.  

Generalized procedure for the reduction of nitro to amine: a solution of a nitro conjugate in 

10 mL of ethanol was dropped into a suspension of 10% Pd/C (12.5 mg) saturated with H2 in 

ethanol (20 ml). The mixture was stirred at room temperature for 3 h, according to TLC analysis 

(MeOH/DCM 1:3). The catalyst was recovered and the filtrate was evaporated under reduced 

pressure to dryness to give the corresponding amino-indole. 

Generalized procedure for intermediates 6, 8, 14, 2a and 20 with Vilsmeir Haack reaction 

(A): POCl3 (1.2 ml, 9.25 mmol, 1.5 eq.) as reaction solvent was added in dropwise manner to the 

dried DMF (10 ml) under inert condition at 0 oC. This mixture was allowed to stir at room 
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temperature for 1 hour followed with the addition of reactant (1 eq) 1, 1a, 5, 13 and 19a. The 

reaction mixture was then allowed to react for 1 hour by stirring at room temperature. The 

reaction mixture was then quenched with equal amount of ice water and 50 % NaOH was added 

until a pH of 9.  

Generalized procedure for the condensation of substituted carboxaldehyde and 

corresponding amines (B): Substituted-carboxaldehyde 2a, 1b, 1c, 1d and 1e (1eq) and 

substituted amines (3 eq) were dissolved in 50 mL of dry EtOH: CH3CN (1:1). The resulting 

mixture stirred for 2 h at room temperature and then the solvent was concentrated under 

reduced pressure The resultant residue was dissolved in 20 mL EtOH and then NaBH4 (10 eq) 

was added to it in portion wise. The reaction mixture is allowed to stir for 24 h at room 

temperature, and then the excess of NaBH4 was filtered off and the solvent was evaporated to 

dryness. The resultant solid was treated with deionized water and extracted with CH2Cl2 (3 x 50 

mL). The organic phase was evaporated under reduced pressure. Generalized procedure for 

making HCl salt (C): The solid was dissolved in EtOH: dioxane (1/3) and precipitated with 

aqueous HCl 37% to obtain its hydrochloride salt. The precipitate was filtered and recrystallized 

with MeOH to give desired product 

Generalized procedure for nucleophilic substitution of alkynes: 5-Nitro-1H-indole (2.01 g, 

12.3 mmol) has added to a solution of anhydrous KOH (0.692 g, 12.3 mmol) in DMF (100 ml) at 

room temperature for 30 min. followed with the addition of 3-bromoprop-1-yne & 4-bromobut-

1-yne (4 eq) and reaction mixture was allowed to stir overnight. 

1-methyl-5-Amino-1H-indole (3): A solution of a 1-methyl-5-nitro-1H-indole (2) (5.87 mmol) 

is treated according to protocol A. Yield 96 %; brown solid. Rf (eluent MeOH/DCM 1:3) 0.44; Mp 

87 °C; 1H-NMR (600 MHz, DMSO-d6) δ 7.09 (dd, J = 9.2, 5.8 Hz, 2H), 6.68 (s, 1H), 6.54 (d, J = 10.5 

Hz, 1H), 6.10 (d, J = 2.9 Hz, 1H), 4.45 (s, 2H), 3.66 ppm (s, 3H). 13C NMR (151 MHz, DMSO-d6): δ 

211.30, 141.55, 130.56, 129.22, 111.82, 109.77, 103.59, 98.77, 32.65 ppm; HRMS: m/z calcd for 

C9H10N2 [M+H]+ 146.19, found 146.19 

5-nitro-1-(3-bromopropyl)-1H-Indole (4a): 5-Nitro-1H-indole (2.01 g, 12.3 mmol) was added 

to a solution of anhydrous KOH (0.692 g, 12.3 mmol) in DMF (100 ml) at room temperature for 

30 min, followed by the addition of 1,3-dibromopropane (3.77 ml, 37.0 mmol). The reaction 

mixture was then allowed to stir overnight. Solvent was removed under reduced pressure, and 

the crude product was purified on silica as a stationary phase; Yield 46 % as yellow crystals; Rf = 

0.65 (eluent EA/n-Hex 1:4); mp 102°C.  1H NMR (600 MHz, CDCl3): δ = 2.33-2.44 (m, 2H), 3.28-
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3.35 (m, 2H), 4.40 (t, J = 6.5 Hz, 2H), 6.78 (d, J = 3.1 Hz, 1H), 7.67 (d, J = 3.2 Hz, 1H), 7.71 (d, J = 9.1 

Hz, 1H), 8.04 (dd, J = 2.3, 9.1 Hz, 1H), 8.58 (d, J = 2.2 Hz, 1H). 13C NMR (151 MHz, CDCl3): δ = 30.05, 

32.70, 44.53, 104.54, 109.33, 117.52, 118.42, 127.92, 131.22, 138.84, 141.79 ppm; ESI-MS: m/z 

282.0 [M+H]; HRMS: m/z calcd for C11H11BrN2O2 [M+H] + 282.0, found 282.0 

1-(2-bromoethyl)-5-nitro-1H-indole (4b): 5-Nitro-1H-indole (2.01 g, 12.3 mmol) was added 

to a solution of anhydrous KOH (0.692 g, 12.3 mmol) in DMF (100 ml) at room temperature for 

30 min, followed by the addition of 1, 2 -dibromoethane (3.77 ml, 37.0 mmol). The reaction 

mixture was then allowed to stir overnight. Solvent was removed under reduced pressure, and 

the crude product was purified on silica as a stationary phase; Yield 46 % as yellow crystals; Rf = 

0.65 (eluent EA/n-Hex 1:4); mp 112 -114 °C. 1H NMR (600 MHz, CDCl3) δ 8.60 (d, J = 1.9 Hz, 1H), 

8.18-8.10 (m, 1H), 7.37 (d, J = 9.1 Hz, 1H), 7.31 (d, J = 3.2 Hz, 1H), 6.72 (d, J = 3.2 Hz, 1H), 4.61-

4.57 (m, 2H), 3.68 ppm (q, J = 6.9 Hz, 2H). 13C NMR (151 MHz, CDCl3): δ 142.07, 138.72, 131.15, 

128.19, 118.50, 117.70, 107.70, 109.06, 104.85, 48.15, 29.73 ppm; ESI-MS: m/z 269.09 [M+H]; 

HRMS: m/z calcd for C10H9BrN2O2 [M+H] + 269.09, found 269.09 

1, 3-bis (5-nitro-1H-indol-1-yl) propane (17a): Yield 46 % as yellow crystals; Rf = 0.85 (eluent 

EA/n-Hex 1:4); mp 112 – 114 °C. 1H NMR (600 MHz, CDCl3): δ 8.50 (t, J = 5.0 Hz, 2H), 8.09 (dd, J = 

9.1, 2.0 Hz, 2H), 7.51 (d, J = 3.4 Hz, 2H), 7.43 – 7.39 (m, 2H), 7.20 – 7.12 (m, 2H), 6.73 (d, J = 3.4 

Hz, 2H), 5.27 (dd, J = 15.7, 1.1 Hz, 2H), 4.91 (d, J = 8.9 Hz, 2H). 13C NMR (151 MHz, CDCl3): δ 30.05, 

32.70, 44.53, 104.54, 109.33, 117.52, 118.42, 127.92, 131.22, 138.84, 141.79 ppm; ESI-MS: m/z 

364.35 [M+H]+; HRMS: m/z calcd for C19H16N4O4 [M+H] + 364.35, found 364.35 

5-nitro-1-(3-(pyrrolidin-1-yl) propyl)-1H-indole (5): Purified 5-nitro-1-(3-bromopropyl)-

1H-Indole (4) (0.24 g, 0.88 mmol) was dissolved in dry ACN (6 mL/mmol) and to this pyrrolidine 

(3−10 equiv) was added, and the mixture was refluxed for 3−4 h. Solvent was concentrated under 

reduced pressure. The crude product was purified by column chromatography (eluent 

MeOH/DCM 1:3); using silica as a stationary phase; Yield 36 % as yellow viscous solid; Rf (eluent 

MeOH/ DCM 1:4) 0.35; mp 112-114 °C.  1H NMR (600 MHz, DMSO-d6): δ 8.58 (d, J = 2.2 Hz, 1H), 

8.05 (dd, J = 9.1, 2.3 Hz, 1H), 7.74 (d, J = 9.1 Hz, 1H), 7.68 (d, J = 3.1 Hz, 1H), 6.79 (d, J = 3.2 Hz, 

1H), 4.36 (t, J = 7.0 Hz, 2H), 3.03 (s, 4H), 2.92 (s, 2H), 2.08-2.14 (br, 2H), 1.85 ppm (s, 4H). 13C NMR 

(151 MHz, DMSO-d6): δ 140.79, 138.63, 132.38, 127.37, 117.58, 116.40, 110.34, 103.91, 53.31, 

51.60, 43.43, 26.93, 22.71 ppm; ESI-MS: m/z 273.33 [M+H]+; HRMS: m/z calcd for C15H19N3O2 

[M+H] + 273.15, found 273.15 
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5-nitro-1-(3-(pyrrolidin-1-yl)propyl)-1H-indole-3-carbaldehyde (6): The crude product is 

obtained from 5-nitro-1-(3-(pyrrolidin-1-yl)propyl)-1H-indole (5) by Vilsmeir Haack general 

protocol. Further purified on silica as a stationary phase with 1:4 MeOH: DCM. Yield 56 % as 

yellow solid; Rf (eluent MeOH/ DCM 1:4) 0.25; mp 132-134 °C.  1H-NMR (600 MHz, DMSO-d6): δ 

9.99 (s, 1H), 8.93 (s, 1H), 8.60 (s, 1H), 8.18 (d, J = 9.0 Hz, 1H), 7.88 (d, J = 9.1 Hz, 1H), 4.41 (t, J = 

6.7 Hz, 2H), 3.40 (s, 4H), 2.37-2.40 (br, 2H), 1.98 - 2.00 (br, 2H), 1.67 ppm (s, 4H). 13C NMR (151 

MHz, DMSO-d6): δ 185.08, 143.87, 143.40, 140.06, 123.87, 119.06 - 118.89, 118.35, 117.11, 

111.96, 53.28, 51.95, 44.88, 28.32, 23.08 ppm; HRMS: m/z calcd for C16H19N3O3 [M+H] + 301.14, 

found 301.14 

N-((5-nitro-1-(3-(pyrrolidin-1-yl)propyl)-1H-indol-3-yl)methyl)-2-(pyrrolidin-1-

yl)ethanamine (7): In a round bottom flask, 8-carboxaldehyde-5-nitro-1-[3-(1-

pyrrolidinyl)propyl]-1H-Indole (6) (6) (6 g, 0.0199 mol) and  2-(pyrrolidin-1-yl)ethanamine 

(4.54 g, 0.039 mol) were reacted according to protocol B. The product was purified on silica as a 

stationary phase with 1:4 MeOH: DCM. Yield 46 % as yellow viscous solid; Rf (eluent MeOH/ DCM 

1:4) 0.15; mp 102-104 °C; 1H-NMR (600 MHz, DMSO-d6): δ 8.63 (d, J = 2.3 Hz, 1H), 8.03 (dt, J = 

9.1, 2.1 Hz, 1H), 7.66 (dd, J = 9.1, 4.7 Hz, 1H), 7.53 (s, 1H), 4.31 – 4.23 (m, 2H), 3.92 (s, 2H), 2.66 

(dd, J = 13.0, 6.4 Hz, 2H), 2.36 (t, J = 9.6 Hz, 8H), 2.27 (tt, J = 2.2, 11.1 Hz, 5H), 1.98 – 1.87 (m, 4H), 

1.75 – 1.55 (m, 6H); 13C NMR (151 MHz, DMSO-d6): δ 185.08, 143.87, 143.40, 140.06, 123.87, 

119.06 – 118.89, 118.35, 117.11, 111.96, 53.28, 51.95, 44.88, 28.32, 23.08 ppm. HRMS: m/z calcd 

for C22H33N5O2 [M+H] + 399.26, found 399.26  

5-Nitroindole-3-carboxaldehyde (8): The crude product was obtained from 5-nitro-Indole (1) 

by the Vilsmeir Haack general protocol. The product was purified on silica as a stationary phase; 

with 1:4 MeOH: DCM. Yield 85 % as yellow amorphous solid; Rf (eluent MeOH/ DCM 1:4) 0.55; 

M.p: 109-111 oC; 1H-NMR (600 MHz, CDCl3) δ 9.64 (s, 1H), 8.69 (d, J = 1.8 Hz, 1H), 7.73 (m, 2H), 

7.18 ppm (d, J = 6 Hz, 1H), 2.50 - 2.62 (br, 1H); 13C-NMR: (151 MHz, CDCl3) δ 183.97, 138.90, 

118.13, 117.38, 111.91 ppm; HRMS (ESI): m/z calculated for C9H6N2O3: 190.04, found: 191.09 

N,N-dimethyl-1-(5-nitro-1H-indol-3-yl)methanamine (9): 5-Nitroindole-3-carboxaldehyde 

(8) (1eq) and 3 equivalent of dimethylamine (40% aqueous, 60 mL) allowed to react according 

to the protocol B. The crude product is obtained as yellow crystalline solid and further purified 

on silica as a stationary phase with DCM: MeOH (9:1) over silica gel column. Yield 60 % as yellow 

solid; Rf (eluent MeOH/ DCM 1:4) 0.45; mp 114 - 116 oC. 1H-NMR (600 MHz, DMSO- d6) δ 11.71 

(s, 1H), 8.62 (d, J = 1.9 Hz, 1H), 8.00 (dt, J = 11.6, 4.2 Hz, 2H), 7.56 - 7.51 (m, 1H), 3.68 (s, 2H), 2.22 
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ppm (s, 6H). 13C-NMR: (151 MHz, DMSO- d6) δ 140.09, 139.47, 132.50, 128.31, 126.81, 116.34, 

111.59, 69.59, 54.07, 44.65 ppm; HRMS (ESI): m/z calculated for C11H13N3O2: 219.10, found: 

219.10 

N,N-dimethyl-1-(5-amino-1H-indol-3-yl)methanamine (9a): Compound 9 was treated with 

protocol A. The crude product was purified with DCM: MeOH (9:1) over silica gel column. (10a) 

Yield 96 %; Brown solid. Rf (eluent MeOH/DCM 1:3) 0.41; Mp 87 - 89 °C; 1H-NMR (600 MHz, 

DMSO-d6) δ 10.38 (s, 1H), 7.04 – 6.99 (m, 2H), 6.76 (s, 1H), 6.47 (dd, J = 8.6, 1.9 Hz, 1H), 3.31-3.32 

(b, 2H) 4.41 (s, 2H), 2.12 ppm (s, 6H). 13C-NMR: (151 MHz, DMSO-d6) δ 211.06, 140.62, 129.95, 

128.50, 124.07, 111.63, 111.20, 110.40, 102.17, 54.50, 44.83 ppm; HRMS (ESI): m/z calculated 

for C11H15N3: 189.13, found: 189.13 

N1,N1-dimethyl-N2-((5-nitro-1H-indol-3-yl)methyl)ethane-1,2-diamine (10):  5-

Nitroindole-3-carboxaldehyde (8) (6 g, 62.5 mmol) and N1,N1-dimethylethane-1,2-diamine 

(40% aqueous, 60 mL) ) were allowed to react according to the protocol B. Yield 36 %, yellow 

solid; Rf (Eluent MeOH/DCM 1:3) 0.23; Mp 162 -164 °C.  1H-NMR: (600 MHz, CDCl3) δ  11.68 (s, 

1H), 8.53 (dd, J = 8.6, 3.6 Hz, 1H), 8.02 -7.92 (m, 1H), 7.57- 7.45 (m, 2H), 3.77 (s, 2H), 3.46 (bs, 

1H), 2.54 (t, J = 4.6 Hz, 2H), 2.46 (t, J = 6.3 Hz, 2H), 2.06 ppm (s, 6H). 13C-NMR: (151 MHz, CDCl3) 

δ 140.27, 139.42, 128.91, 126.30, 116.41, 116.42, 116.10, 112.11, 51.00, 46.25, 45.35, 43.05, 

11.35 ppm; HRMS (ESI): m/z calculated for C13H18N4O2: 262.14, found: [M+H]+ = 263.14 

N1,N1-diethyl-N2-((5-nitro-1H-indol-3-yl)methyl)ethane-1,2-diamine (11): 5-Nitroindole-

3-carboxaldehyde (8) (6 g, 62.5 mmol) and N1,N1-diethylethane-1,2-diamine (40% aqueous, 60 

mL) were allowed to react according to the protocol B. Yield 36 %, yellow solid; Rf(eluent 

MeOH/DCM 1:3) 0.23; Mp 152- 154 °C. 1H-NMR (600 MHz, DMSO-d6) δ 11.84 (s, 1H), 8.67 (s, 1H), 

7.97 (d, J = 8.0 Hz, 1H), 7.70 (s, 1H), 7.62 – 7.47 (m, 1H), 4.09 (s, 2H), 3.78 (s, 1H), 2.73 (m, 2H), 

2.57 (s, 2H), 2.41 (t, J = 17.3 Hz, 4H), 1.01 - 0.82 ppm (m, 6H). 13C-NMR (151 MHz, DMSO-d6) 

δ 140.12, 139.57, 127.96, 126.76, 116.94, 116.83, 116.38, 115.11, 111.58, 57.01, 50.58, 49.05, 

44.99 ppm; HRMS (ESI): m/z calculated for C15H22N4O2: 290.17, found = 290.17 

N-((5-nitro-1H-indol-3-yl)methyl)-2-(pyrrolidin-1-yl)ethanamine (12): 5-Nitroindole-3-

carboxaldehyde (8) (6 g, 62.5 mmol) and 2-(pyrrolidin-1-yl)ethanamine (40% aqueous, 60 mL) 

were allowed to react according to the protocol B. Yield 26 %, yellow solid; Rf (eluent MeOH/DCM 

1:3) 0.13; Mp 162 -164 °C. 1H-NMR: (600 MHz, CDCl3) δ 11.70 (bs, 1H), 8.67 (t, J = 9.1 Hz, 1H), 

8.05-7.97 (m, 1H), 7.58 – 7.53 (m, 2H), 4.01 (s, 2H), 3.48 (bs, 1H), 2.73 (t, J = 6.4 Hz, 2H), 2.58 (t, J 

= 6.4 Hz, 2H), 2.49 – 2.40 (m, 2H), 1.71-1.62 (m, 4H), 1.41 ppm (s, 2H). 13C-NMR: (151 MHz, CDCl3) 
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δ 140.11, 139.61, 127.82, 126.18, 116.83, 116.19, 115.60, 111.86, 54.35, 53.43, 46.61, 43.35, 

26.46, 22.85 ppm; HRMS (ESI): m/z calculated for C15H20N4O2: 288.16, found = 288.16 

1H-indole-3-carbaldehyde (2a): The crude product was obtained from 1H-indole (5) by 

vilsmeir Haack general protocol A. Crude product was purified with DCM: MeOH (9:1) over silica 

gel column. Yield 66 %, White crystalline solid; Rf (eluent MeOH/DCM 1:3) 0.33; M.p: 123 - 125 

oC; 1H NMR (600 MHz, CDCl3):  δ 9.60 (s, 1H), 7.83 (d, J = 6Hz, 2H), 7.53 (d,  J = 6Hz, 1H), 7.10 (d, J 

= 6Hz, 1H), 6.89 - 6.84 ppm (m, 2H); 13C NMR (151 MHz, CDCl3) δ 184.11, 136.63, 122.92, 121.57, 

120.63, 111.50 ppm. (ESI): m/z calculated for C9H7NO:145.10, found: 146.02  

1-(1H-indol-3-yl)-N,N-dimethylmethanamine (3a): Yield 46 %, yellow solid; Rf (eluent 

MeOH/DCM 1:3) 0.43; M.p: 143 - 145 oC. 1H-NMR (600 MHz, DMSO-d6): δ 10.92 (s, 1H), 7.61 (d, J 

= 7.9 Hz, 1H), 7.36 (d, J = 8.1 Hz, 1H), 7.21 (t, J = 5.1 Hz, 1H), 7.08 (t, J = 7.5 Hz, 1H), 6.98 (t, J = 7.4 

Hz, 1H), 3.55 (s, 2H), 2.17 (s, 6H). 13C NMR (151 MHz, DMSO- d6) δ 136.32, 127.52, 124.38, 120.85, 

118.98, 118.29, 111.50, 111.24, 54.36, 44.82 ppm. HRMS: m/z calcd for C11H14N2 [M+H] + 174.12, 

found 174.12 

N1-((1H-indol-3-yl)methyl)-N2-(2-((2-((2-aminoethyl)amino)ethyl)amino)ethyl)ethane-

1,2-diamine (3b): Yield 46 %, white solid; 1H-NMR (600 MHz, D2O): δ 10.62 (s, 1H), 7.78 (d, J = 

7.88 Hz, 1H), 7.61 (d, J = 2.48 Hz, 1H), 7.58 (s, 1H), 7.33 (t, J = 7.34 Hz, 1H), 7.26 (t, J = 7.38 Hz, 

1H), 4.57 (s, 2H), 3.39-3.48 (m, 22H) ppm; 13C NMR (151 MHz, D2O ): δ 42.20, 42.93, 43.77, 43.92, 

44.24, 103.58, 112.32, 118.01, 120.29, 122.62, 126.13, 128.20, 136.19 ppm; HRMS (ESI): calcd for 

C17H30N6  318.26; found [M+H]+ 319.26 

 1-(1H-indazol-3-yl)-N,N-dimethylmethanamine (23a): Yield 36 %, white solid; Rf  (eluent 

MeOH/DCM 1:3) 0.43; M.p: 143 - 145 oC. 1H-NMR (600 MHz, DMSO-d6): δ 12.93 (d, J = 75.7 Hz, 

1H), 8.00 (s, 1H), 7.59 (s, 1H), 7.47 (d, J = 8.6 Hz, 1H), 7.29 (d, J = 8.6 Hz, 1H), 3.44 (s, 2H), 2.12 

ppm (s, 6H); 13C NMR (151 MHz, DMSO-d6) δ 211.08, 133.18, 130.77, 127.53, 122.53, 119.87, 

109.83, 63.28, 44.66 ppm; HRMS (ESI): calcd for C10H13N3 175.11; found [M+H]+ 176.11 

N1-((1H-indazol-3-yl)methyl)-N2-(2-((2-((2-

aminoethyl)amino)ethyl)amino)ethyl)ethane-1,2-diamine (23c): Yield 66 %, white solid;  

1H-NMR (600 MHz, D2O): δ 8.14 (d, J = 6.0 Hz, 1H), 7.92 (s, 1H), 7.65 (t, J = 7.6 Hz, 1H), 7.46 (d, J = 

7.8 Hz, 1H), 4.39 (s, 2H), 3.56 -2.68 ppm (m, 23H); 13C NMR (151 MHz, D2O) δ 140.22, 134.64, 

128.54, 123.62, 122.79, 51.97, 43.52, 42.90, 42.30, 42.24 ppm. HRMS (ESI): calcd for C16H29N7  

319.25; found [M+H]+ 320.25 
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N-((1H-indazol-3-yl)methyl)-2-(pyrrolidin-1-yl)ethanamine (23f): Yield 56 %, white solid; 

Rf  (eluent MeOH/DCM 1:3) 0.23; M.p: 173 - 175 oC. 1H-NMR (600 MHz, DMSO-d6): δ 7.92 (s, 1H), 

7.56 (s, 1H), 7.39 (d, J = 8.6 Hz, 1H), 7.25 (d, J = 8.6 Hz, 1H), 3.70 (d, J = 5.7 Hz, 2H), 2.50 (s, 2H), 

2.48 – 2.38 (m, 2H), 2.37 – 2.22 (m, 2H), 1.90 (d, J = 5.8 Hz, 4H), 1.65 -1.48 (m, 4H); 13C NMR (151 

MHz, DMSO-d6): δ 132.60, 126.55, 118.69, 109.46, 55.33, 55.39, 53.70, 53.25, 53.16, 47.53, 23.07 

ppm. HRMS (ESI): calcd for C14H20N4  244.17; found [M+H]+ 245.17 

N,N-dimethyl-1-(1H-pyrrolo[2,3-b]pyridin-3-yl)methanamine (24a):. Yield 56 %, white 

solid; Rf  (eluent MeOH/DCM 1:3) 0.13; M.p: 143 - 145 oC. 1H NMR (600 MHz, DMSO-d6): δ 11.39 

(bs, 1H), 8.22 - 8.17 (m, 1H), 8.00 (dd, J = 6.3, 5.2 Hz, 1H), 7.34 (s, 1H), 7.06 – 7.02 (m, 1H), 3.55 

(s, 2H), 2.16 (d, J = 4.3 Hz, 6H).13C NMR (151 MHz, DMSO-d6): δ 185.17, 148.80, 145.17, 142.64, 

127.37, 124.83, 119.78, 118.43, 115.43, 114.72, 110.20, 54.14, 44.33; HRMS (ESI): calcd for 

C10H13N3 175.11; found [M+H]+ 176.11 

N1-((1H-pyrrolo[2,3-b]pyridin-3-yl)methyl)-N2-(2-((2-((2-

aminoethyl)amino)ethyl)amino)ethyl)ethane-1,2-diamine (24b): Yield 36 %, white solid. 

1H NMR (600 MHz, D2O): δ 8.74 (dd, J = 8.0, 7.8 Hz, 1H), 8.41 (m, 1H), 8.02 – 7.78 (m, 1H), 7.58 (t, 

J = 6.7 Hz, 1H), 4.56 (d, J = 9.3 Hz, 2H), 3.76 – 2.72 (m, 23H), 1.38 – 1.05 (m, 4H); 13C NMR (151 

MHz, D2O): δ 138.22, 137.01, 133.41, 131.41, 131.98, 124.50, 116.58, 105.39, 52.57, 51.88, 50.33, 

48.99, 44.65, 43.65, 43.46. HRMS (ESI): calcd for C16H29N7  319.25; found [M+H]+ 320.26 

N1-((1H-pyrrolo[2,3-b]pyridin-3-yl)methyl)-N2-(2-((2-aminoethyl)amino)ethyl)ethane-

1,2-diamine (24c): Yield 36 %, white solid. 1H NMR (600 MHz, D2O): δ 8.76 (d, J = 16.4 Hz, 1H), 

8.40 (d, J = 15.1 Hz, 1H), 7.90 (s, 1H), 7.61 (d, J = 6.3 Hz, 1H), 4.61 (dd, J = 30.0, 13.2 Hz, 6H), 3.63 

– 2.47 ppm (m, 14H); HRMS (ESI): calcd for C14H24N6  276.21; found [M+H]+ 277.21 

N-((1H-pyrrolo[2,3-b]pyridin-3-yl)methyl)-2-(pyrrolidin-1-yl)ethanamine (24f): Yield 46 

%, white solid. 1H NMR (600 MHz, DMSO-d6): δ 11.44 (bs, 1H), 8.19 (dd, J = 6.6, 3.8 Hz, 1H), 8.00 

(dd, J = 8.5, 7.6 Hz, 1H), 7.92 – 7.85 (m, 1H), 7.41 – 7.31 (m, 1H), 7.08 – 6.92 (m, 1H), 3.85 (s, 2H), 

3.72 (s, 2H), 2.67 – 2.61 (m, 2H), 2.46 – 2.33 (m, 2H), 2.31 – 2.23 (m, 2H), 1.70 – 1.53 ppm (m, 

4H). 13C NMR (151 MHz, DMSO-d6) δ 148.80, 142.41, 127.45, 126.94, 124.88, 123.80, 119.57, 

119.17, 114.83, 112.83, 112.87, 111.47, 85.47, 55.30, 53.42, 49.62, 22.71 ppm; HRMS (ESI): calcd 

for C14H20N4 244.17; found [M+H]+ 245.17 

N1-(2-aminoethyl)-N2-(2-((2-((benzo[d][1,3]dioxol-5-

ylmethyl)amino)ethyl)amino)ethyl)ethane-1,2-diamine (25b): Yield 46 %, white solid. 1H 
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NMR (600 MHz, D2O) δ 6.91 (dd, J = 17.5, 6.4 Hz, 4H), 5.96 (s, 2H), 4.25 – 4.05 (m, 2H), 3.59 – 2.73 

ppm (m, 21H).; 13C NMR (151 MHz, D2O) δ 147.80, 138.45, 133.80, 131.13, 124.69, 116.42, 105.97, 

51.84, 44.65, 43.51, 42.46, 41.57, 40.07, 35.20, 18.06 ppm; HRMS (ESI): calcd for C16H29N5O2  

323.23; found [M+H]+ 324.23 

N1-(benzo[d][1,3]dioxol-5-ylmethyl)-N2,N2-dimethylethane-1,2-diamine (25e): Yield 56 

%, white solid; Rf  (eluent MeOH/DCM 1:3) 0.13; M.p: 103 - 105 oC. 1H NMR (600 MHz, DMSO-d6): 

δ 6.91 (s, 1H), 6.79 (dd, J = 19.5, 7.9 Hz, 2H), 5.97 (s, 1H), 3.63 (s, 2H), 2.54-2.56 (m, 2H), 2.33 (t, J 

= 6.4 Hz, 4H), 2.11 (s, 6H). 13C NMR (151 MHz, DMSO-d6): δ 147.23, 145.69, 134.46, 120.98, 

108.32, 107.66, 100.51, 58.51, 52.48, 45.85, 45.08 ppm; HRMS (ESI): calcd for C12H18N2O2 222.14; 

found 222.14 

N-(benzo[d][1,3]dioxol-5-ylmethyl)-2-(pyrrolidin-1-yl)ethanamine (25f): Yield 46 %, 

white solid. 1H NMR (600 MHz, D2O): δ 7.05 – 6.92 (m, 4H), 6.04 (s, 2H), 4.26 (s, 2H), 3.57 (dt, J = 

14.6, 6.6 Hz, 8H), 2.12 (s, 4H). 13C NMR (151 MHz, D2O): δ 148.02, 147.67, 124.35, 123.55, 117.89, 

114.96, 108.80, 109.14, 101.74, 54.83, 51.53, 49.47, 41.94, 22.39; HRMS (ESI): calcd for 

C14H20N2O2 248.15; found [M+H]+ 249.15 

N1-(2-aminoethyl)-N2-(2-((2-(((5-nitro-1H-indol-3-

yl)methyl)amino)ethyl)amino)ethyl)ethane-1,2-diamine (13a): Yield 46 %, Yellow solid.  1H 

NMR (600 MHz, D2O): δ 8.59 (s, 1H), 8.00 (d, J = 9.2 Hz, 1H), 7.67 (d, J = 3.8 Hz, 1H), 7.48 (d, J = 

9.1 Hz, 1H), 4.58 – 4.40 (m, 2H), 3.68 (s, 2H), 3.62 – 2.73 (m, 19H), 1.10 (t, J = 7.1 Hz, 2H). 13C NMR 

(151 MHz, D2O): δ 141.10, 131.11, 125.63, 117.90, 115.39, 112.0, 65.0, 50.77, 43.0, 43.06, 42.34, 

35.27, 16.84 ppm; HRMS (ESI): calcd for C17H29N7O2 363.24; found 363.24 

1-(3-azidopropyl)-5-nitro-1H-indole (14): To a stirring mixture of 4 (1g, 3.225 mmol, 1 eq) in 

15 ml Dry DMF about 3 eq of sodium azide (0.6386 g, 9.667 mmol) were added and allowed to 

reflux for 3-5 hrs. Followed by quenching with Ice water and extraction with ethyl acetate. 

Organic extract was then concentrated under reduced pressure, and the crude product was 

purified on silica as a stationary phase with Cyclohexane: Ethylacetate (9:1) over silica gel 

column. Yield 56 %, yellow solid; Rf (eluent EA/cyclo 1:3) 0.63; Mp 92 - 94 °C. 1H NMR (600 MHz, 

DMSO-d6): δ 10.00 (s, 1H), 8.94 (d, J = 2.1 Hz, 1H), 8.62 (s, 1H), 8.19 (dd, J = 9.1, 2.3 Hz, 1H), 7.90 

(d, J = 9.1 Hz, 1H), 4.43 (t, J = 7.0 Hz, 2H), 3.40 (t, J = 6.6 Hz, 2H), 2.07-2.11 ppm (br, 2H); 13C NMR 

(151 MHz, DMSO-d6): δ 185.13, 146.04-144.33, 143.35, 139.92, 123.97, 118.75, 118.26, 117.17, 

111.90, 47.89, 44.23, 28.53 ppm; HRMS (ESI): calcd for C11H11N5O2  245.09; found [M+H]+ 246.09 
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1-(3-azidopropyl)-5-nitro-1H-indole-3-carbaldehyde (15): The crude product was further 

purified with Cyclohexane: Ethylacetate (9:1) over silica gel column. Yield 66 %, yellow solid; RF 

(eluent EA/cyclo 1:3) 0.23; Mp 102 - 104 °C. 1H NMR (600 MHz, DMSO-d6): δ 10.00 (s, 1H), 8.94 

(d, J = 2.1 Hz, 1H), 8.62 (s, 1H), 8.19 (dd, J = 9.1, 2.3 Hz, 1H), 7.90 (d, J = 9.1 Hz, 1H), 4.43 (t, J = 7.0 

Hz, 2H), 3.40 (t, J = 6.6 Hz, 2H), 2.07-2.11 ppm (br, 2H); 13C NMR (151 MHz, DMSO-d6): δ 185.13, 

146.04, 144.33, 143.35, 139.92, 123.97, 118.75, 118.26, 117.17, 111.90, 47.89, 44.23, 28.53 ppm; 

HRMS (ESI): calcd for C12H11N5O3  273.09; found 273.09 

1-(1-(3-azidopropyl)-5-nitro-1H-indol-3-yl)-N,N-dimethylmethanamine (16a): compound 

8 (1g, 3.663 mmol, 1 eq) and 3 eq of N1, N1-dimethylethane-1,2-diamine (1.284 g, 11.070 mmol) 

were allowed to react according to generalized procedure B. Crude product was then further 

purified with DCM: MeOH (9:1) over silica gel column. Yield 26 %, yellow solid; Rf (eluent 

MeOH/DCM 1:3) 0.43; Mp 102 - 104 °C. 1H-NMR (600 MHz, DMSO-d6): δ 8.66 (d, J = 1.8 Hz, 1H), 

8.03 (dd, J = 9.1, 2.1 Hz, 1H), 7.67 (d, J = 9.1 Hz, 1H), 7.56 (s, 1H), 4.29 (t, J = 6.9 Hz, 2H), 3.95 (s, 

2H), 3.30 - 3.32 (bs, 4H), 2.64 (t, J = 6.4 Hz, 2H), 2.44 (q, J = 7.1 Hz, 2H), 1.99 - 2.03 (bs, 2H); 13C 

NMR (151 MHz, DMSO-d6):δ 140.35, 139.09, 126.55, 116.58, 110.24, 51.79, 47.98, 46.34, 43.59, 

43.09, 28.90, 11.61 ppm. HRMS (ESI): calcd for C14H18N6O2  302.15; found 302.15 

N,N-dimethyl-N'-[[5-nitro-1-(3-Azidopropyl)-1H-indole]methyl]-1,2-Ethanediamine 

(16b): The compound 8 (1g, 3.663 mmol, 1 eq) and about 3 eq of N1, N1-diethylethane-1,2-

diamine ( 1.284 g, 11.070 mmol) were allowed to react according to generalized procedure B. 

Crude product was then further purified with DCM: MeOH (9:1) over silica gel column. Yield 46 

%, yellow solid; Rf (eluent MeOH/DCM 1:3) 0.33; Mp 162 - 164 °C. 1H NMR (600 MHz, DMSO-d6) 

δ 8.63 (d, J = 2.3 Hz, 1H), 8.60 (d, J = 2.3 Hz, 1H), 8.03 (dt, J = 9.1, 2.1 Hz, 2H), 7.66 (dd, J = 9.1, 4.7 

Hz, 2H), 7.55 (d, J = 5.6 Hz, 1H), 7.54 (d, J = 9.6 Hz, 1H), 4.35 – 4.21 (m, 4H), 3.92 (s, 2H), 2.71 – 

2.60 (m, 3H), 2.35 (dd, J = 18.3, 2.7 Hz, 2H), 2.24 (dd, J = 14.1, 7.7 Hz, 2H), 2.02 -1.87 (m, 2H), 1.76 

– 1.49 ppm (m, 4H). 13C NMR (151 MHz, DMSO-d6): δ 140.11, 139.22, 130.92, 130.39, 126.30, 

116.70, 116.47, 116.12, 114.59, 110.20, 85.45, 55.25, 53.42, 53.03, 52.79, 51.84, 47.46, 43.62, 

30.81, 28.75, 24.19, 23.06 ppm; HRMS (ESI): calcd for C18H27N7O2  373.22; found 374.22 

5-nitro-1-(prop-2-yn-1-yl)-1H-indole (19a): Yield 36 %, yellow solid; Rf (eluent EA/cyclo 1:3) 

0.43; M.p: 113 - 115 oC. 1H NMR (600 MHz, CDCl3) δ 8.57 (d, J = 2.2 Hz, 1H), 8.17 – 8.11 (m, 1H), 

7.43 (d, J = 9.1 Hz, 1H), 7.37 (d, J = 3.3 Hz, 1H), 6.71 (d, J = 3.3 Hz, 1H), 4.93 (d, J = 2.6 Hz, 2H), 2.48 

(t, J = 2.6 Hz, 1H); 13C NMR (151 MHz, CDCl3) δ 142.04, 138.04, 130.46, 128.18, 118.25, 117.63, 

109.37, 104.64, 76.33, 74.60, 36.27 ppm; HRMS (ESI): calcd for C11H8N2O2  200.06; found 201.06 
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1-(but-3-yn-1-yl)-5-nitro-1H-indole (19b): Yield 26 %, yellow solid; Rf  (eluent EA/cyclo 1:3) 

0.33; M.p: 113 - 115 oC.  1H-NMR (600 MHz, DMSO-d6): δ 8.52 (t, J = 2.7 Hz, 1H), 8.08 – 8.03 (m, 

1H), 7.32 (d, J = 9.1 Hz, 1H), 7.25 (t, J = 2.7 Hz, 1H), 6.62 (d, J = 3.0 Hz, 1H), 4.28 (q, J = 6.9 Hz, 2H), 

2.65 (tt, J = 5.4, 2.7 Hz, 2H), 1.98 (dt, J = 5.3, 2.7 Hz, 1H); 13C-NMR (151 MHz, DMSO-d6) δ 131.54, 

128.56, 118.1, 118.09, 109.41, 105.17, 80.2, 72.14, 46.39, 21.12 ppm; HRMS (ESI): calcd for 

C12H10N2O2 214.07; found 215.07 

5-nitro-1-(prop-2-yn-1-yl)-1H-indole-3-carbaldehyde (20): The crude product was purified 

on silica as a stationary phase; with 1:4 EA: CH. The product was a yellow solid. 1H-NMR (600 

MHz, DMSO-d6): δ 10.01 (s, 1H), 8.93 (t, J = 3.6 Hz, 1H), 8.61 (s, 1H), 8.23 (dd, J = 9.1, 2.4 Hz, 1H), 

7.87 (d, J = 9.1 Hz, 1H), 5.33 (d, J = 2.5 Hz, 2H), 3.61 (t, J = 2.5 Hz, 1H); 13C-NMR (151 MHz, DMSO-

d6): δ 185.49, 143.43, 142.92, 139.37, 123.94, 118.99, 118.41, 117.24, 112.08, 77.32, 36.41ppm 

N,N-dimethyl-1-(5-nitro-1-(prop-2-yn-1-yl)-1H-indol-3-yl)methanamine (21a): 5-nitro-1-

(prop-2-yn-1-yl)-1H-indole-3-carbaldehyde and 3 equivalent of dimethylamine (40% aqueous, 

60 mL) were allowed to react according to the protocol B. 1H-NMR (600 MHz, DMSO-d6): δ 8.61 - 

8.59 (d, J = 2.1 Hz, 1H), 8.11 (dd, J = 9.1, 2.2 Hz, 1H), 7.72 (s, 1H), 7.75 (d, J = 9.1 Hz, 1H), 5.17 (d, J 

= 2.4 Hz, 2H), 4.29 (s, 2H), 3.61 (bs, 1H), 2.17 – 2.18 (m, 6H). 13C NMR (151 MHz, DMSO-

d6): δ 141.08, 139.16, 131.14, 127.62, 117.15, 116.99, 116.92, 115.37, 110.96, 78.78, 76.28, 53.96, 

44.96, 35.93 ppm; HRMS (ESI): calcd for C14H15N3O2 257.12; found 258.12 

N1,N1-diethyl-N2-((5-nitro-1-(prop-2-yn-1-yl)-1H-indol-3-yl)methyl)ethane-1,2-diamine 

(21b): 5-nitro-1-(prop-2-yn-1-yl)-1H-indole-3-carbaldehyde and N1,N1-diethylethane-1,2-

diamine (40% aqueous, 60 mL) were allowed to react according to the protocol B. 1H-NMR (600 

MHz, DMSO-d6): δ 8.83 (d, J = 2.1 Hz, 1H), 8.13 (dd, J = 9.1, 2.2 Hz, 1H), 7.82 (s, 1H), 7.75 (d, J = 9.1 

Hz, 1H), 5.25 (d, J = 2.4 Hz, 2H), 4.29 (s, 2H), 3.61 (bs, 2H), 3.01-2.93 (m, 2H), 2.84-2.74 (m, 2H), 

2.67 (q, J = 7.1 Hz, 4H), 1.05 – 0.96 (m, 6H); 13C NMR (151 MHz, DMSO-d6): δ 140.81, 138.29, 

132.66, 126.62, 117.03, 116.61, 110.87, 110.69, 78.7, 76.22, 48.79, 46.14, 43.39, 41.20, 35.69, 

10.11 ppm; HRMS (ESI): calcd for C18H24N4O2  328.19; found 329.19 

N-benzyl-2-bromoacetamide (26b): White solid (Crude); 1H NMR (600 MHz, DMSO-d6) δ 8.81 

(s, 1H, NH), 7.44 (dt, J = 10.7, 5.1 Hz, 2H), 7.32 (d, J = 7.3 Hz, 2H), 7.27 (s, 1H), 4.29 (d, J = 5.9 Hz, 

2H), 3.92 (s, 2H). 13C NMR (151 MHz, DMSO-d6) δ 166.1, 138.8, 134.0, 128.9, 128.6, 128.5, 128.3, 

127.3, 126.9, 42.5, 29.5. 
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2-bromo-N-(4-fluorobenzyl)acetamide (27b): (Crude); White solid;   1H NMR (600 MHz, 

DMSO-d6) δ 8.79 (s, 1H), 7.29 (d, J = 5.7 Hz, 2H), 7.16 (t, J = 8.5 Hz, 2H), 4.27 (d, J = 5.5 Hz, 2H), 

3.90 (s, 2H);13C NMR (151 MHz, DMSO-d6) δ 166.1, 135.1, 135.0, 129.3, 129.2, 115.2, 114.9, 41.8, 

29.4. 

2-bromo-N-(4-(trifluoromethyl) benzyl) acetamide (28b): White solid (Crude);   1H NMR 

(600 MHz, DMSO-d6) δ 8.90 (s, 1H), 7.70 (d, J = 7.9 Hz, 2H), 7.48 (d, J = 7.9 Hz, 2H), 4.39 (d, J = 5.7 

Hz, 2H), 3.93 (s, 2H). 13C NMR (151 MHz, DMSO-d6) δ 166.3, 143.8, 127.9, 125.3, 125.3, 125.2, 

125.2, 125.2, 42.1, 29.3. 

2-bromo-N-(3,4,5-trimethoxybenzyl)acetamide (29b): White solid (Crude);   1H NMR (600 

MHz, DMSO-d6) δ 6.70 (s, 2H), 6.57 (s, 1H), 4.74 (s, 2H), 3.73 (s, 6H), 3.63 (s, 3H), 3.93 (s, 2H);13C 

NMR (151 MHz, DMSO-d6) δ 174.30, 167.39, 187.94, 156.98, 136.75, 132.53, 105.13, 60.50, 59.30, 

55.70, 32.7 

2-bromo-N-(4-methoxybenzyl)acetamide (30b):  White solid (Crude);   1H NMR (600 MHz, 

DMSO-d6) δ 8.70 (s, 1H), 7.21 (t, J = 8.8 Hz, 2H), 6.95 – 6.84 (m, 2H), 4.23 (d, J = 5.9 Hz, 2H), 3.90 

(s, 2H), 3.75 (s, 3H);13C NMR (151 MHz, DMSO-d6) δ 174.30, 167.39, 187.94, 156.98, 136.75, 

132.53, 105.13, 60.50, 59.30, 55.70, 32.7 

2-amino-1-benzyl-5-oxo-4,5-dihydro-1H-pyrrole-3-carbonitrile (26c): Orange solid 

(Crude);  1H NMR (600 MHz, DMSO-d6) δ 7.71 (d, J = 8.1 Hz, 2H), 7.42 (d, J = 8.0 Hz, 2H), 7.27 (s, 

2H), 4.84 (s, 2H), 3.30 (s, 2H);13C NMR (101 MHz, DMSO-d6) δ 173.9, 157.5, 141.3, 127.6, 125.4, 

125.4, 125.3, 123.3, 119.1, 47.3, 41.4, 34.3, 8.4. 

2-amino-1-(4-fluorobenzyl)-5-oxo-4,5-dihydro-1H-pyrrole-3-carbonitrile (27c): Orange 

solid (Crude); 1H NMR (600 MHz, DMSO-d6) δ 7.27 (dd, J = 8.5, 5.6 Hz, 2H), 7.24 (s, 2H), 7.16 (t, J 

= 8.9 Hz, 2H), 4.71 (s, 2H), 3.27 (s, 2H); 13C NMR (151 MHz, DMSO-d6) δ 173.9, 157.6, 132.7, 129.1, 

119.2, 115.3, 115.1, 47.2, 41.0, 34.3, 8.4. 

2-amino-5-oxo-1-(4-(trifluoromethyl)benzyl)-4,5-dihydro-1H-pyrrole-3-carbonitrile 

(28c): Orange solid (Crude);  1H NMR (600 MHz, DMSO-d6) δ 7.71 (d, J = 8.1 Hz, 2H), 7.42 (d, J = 

8.0 Hz, 2H), 7.27 (s, 2H), 4.84 (s, 2H), 3.30 (s, 2H); 13C NMR (151 MHz, DMSO-d6) δ 173.9, 157.5, 

141.3, 127.6, 125.4, 125.4, 125.3, 123.3, 119.1, 47.3, 41.4, 34.3, 8.4. 

2-amino-5-oxo-1-(3,4,5-trimethoxybenzyl)-4,5-dihydro-1H-pyrrole-3-carbonitrile (29c): 

Orange solid (Crude); 1H NMR (600 MHz, DMSO-d6) δ 7.23 (s, 2H), 7.19 (t, J = 5.8 Hz, 2H), 6.92 – 
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6.84 (m, 2H), 4.68 (s, 2H), 3.74 (s, 3H), 3.26 (s, 2H);13C NMR (151 MHz, DMSO-d6) δ 174.05, 

158.64, 157.45, 130.61, 128.54, 118.97, 113.77, 54.83, 46.68, 34.35, 8.67 

2-amino-1-(4-methoxybenzyl)-5-oxo-4,5-dihydro-1H-pyrrole-3-carbonitrile (30c): 

Orange solid (Crude); 1H NMR (600 MHz, DMSO-d6) δ 7.21 (s, 2H), 6.60 (d, J = 8.5 Hz, 2H), 4.65 

(d, J = 7.1 Hz, 2H), 4.45 (d, J = 6.1 Hz, 2H), 3.75 (s, 6H), 3.65 (s, 3H).13C NMR (151 MHz, DMSO-d6) 

δ 173.84, 157.46, 152.67, 137.00, 132.00, 118.98, 112.21, 104.89, 59.63, 47.02, 41.84, 34.37, 8.63 

ethyl 4-amino-1-benzyl-6-methyl-2-oxo-2,3-dihydro-1H-pyrrolo[2,3-b]pyridine-5-

carboxylate (26d): White solid (Crude); 1H NMR (600 MHz, DMSO-d6) 7.27-7.39 (m, 5H), 6.58 

(s br, 2H), 4.27 (q, J= 7.1 Hz, CH2, 2H,), 3.43 (s, CH2, 2H), 2.47 (s, CH3, 3H), 1.31 

(t, J= 7.1 Hz, CH3, 3H,) ; 13C NMR (151 MHz, DMSO-d6) δ 174.4, 173.9, 149.4, 137.3, 137.5, 136.5, 

128.4, 128.3, 127.4, 127.2, 127.1, 126.8, 97.4, 60.5, 41.6, 34.3, 32.9, 25.6, 14.0. 

ethyl 4-amino-1-(4-fluorobenzyl)-6-methyl-2-oxo-2,3-dihydro-1H-pyrrolo[2,3-

b]pyridine-5-carboxylate (27d): White solid (Crude); 1H NMR (600 MHz, DMSO-d6) δ 7.35 (dd, 

J = 8.3, 5.8 Hz, 2H, Aromatic H), 7.12 (t, J = 8.9 Hz, 2H;aromatic H), 6.62 (s, 1H, NH), 4.80 (s, 2H, 

CH2), 4.29 (q, J = 7.1 Hz, 2H, CH2), 3.43 (d, J = 12.8 Hz, 2H, CH2), 2.47 (s, 3H, CH3), 1.30 (t, J = 7.1 

Hz, 3H, CH3).13C NMR (151 MHz, DMSO-d6) δ 174.4, 167.6, 162.1, 160.5, 156.7, 149.4, 133.4, 

129.6,129.5, 115.1, 115.0, 106.9, 97.4, 60.5, 41.0, 33.0, 25.4, 14.0. 

ethyl 4-amino-6-methyl-2-oxo-1-(4-(trifluoromethyl)benzyl)-2,3-dihydro-1H-

pyrrolo[2,3-b]pyridine-5-carboxylate (28d): White solid (Crude); 1H NMR (600 MHz, DMSO-

d6) δ 7.66 (d, J = 8.1 Hz, 2H), 7.50 (d, J = 8.0 Hz, 2H), 6.60 (s, 2H), 4.90 (s, 2H), 4.29 (q, J = 7.1 Hz, 

2H), 3.45 (s, 2H), 2.45 (s, 3H), 1.29 (s, 3H); 13C NMR (151 MHz, DMSO-d6) δ 174.5, 167.7, 158.4, 

156.8, 149.4, 142.0, 128.1, 125.3, 123.3, 106.9, 97.5, 60.4, 49.6, 41.2, 33.0, 30.0, 25.6, 14.0. 

ethyl 4-amino-6-methyl-2-oxo-1-(3,4,5-trimethoxybenzyl)-2,3-dihydro-1H-pyrrolo[2,3-

b]pyridine-5-carboxylate (29d)  :White solid (Crude); 1H NMR (600 MHz, DMSO-d6) δ 6.69 (d, 

J = 11.6 Hz, 2H), 6.58 (bs, 2H), 4.74 (s, 2H), 4.31 (q, J = 7.1 Hz, 2H), 3.72 (d, J = 7.0 Hz, 6H), 3.66 – 

3.59 (m, 3H), 3.43 (s, 3H), 1.32 (t, J = 7.1 Hz, 2H).13C NMR (151 MHz, DMSO-d6) δ 174.5, 167.7, 

158.4, 156.8, 149.4, 142.0, 128.1, 125.3, 123.3, 106.9, 97.5, 60.4, 49.6, 41.2, 33.0, 30.0, 25.6, 14.0. 

ethyl 4-amino-1-(4-methoxybenzyl)-6-methyl-2-oxo-2,3-dihydro-1H-pyrrolo[2,3-

b]pyridine-5-carboxylate (30d): White solid (Crude); 1H NMR (600 MHz, DMSO-d6) δ 7.46 (d, J 

= 7.7 Hz, 2H), 6.83 (d, J = 8.0 Hz, 2H), 5.74 (s, 2H), 4.92 (s, 2H), 4.38 (d, J = 6.9 Hz, 2H), 3.78 (s, 3H), 
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3.29 (s, 2H), 2.72 (s, 3H), 1.42 (t, J = 6.8 Hz, 3H).13C NMR (151 MHz, DMSO-d6) δ 174.5, 167.7, 

158.4, 156.8, 149.4, 142.0, 128.1, 125.3, 123.3, 106.9, 97.5, 60.4, 49.6, 41.2, 33.0, 30.0, 25.6, 14.0. 

1H-indol-5-amine (31): brown (Crude): 1H NMR (600 MHz, DMSO-d6) δ 10.57 (s, 1H), 7.16 – 

7.07 (m, 2H), 6.70 (d, J = 2.0 Hz, 1H), 6.51 (dd, J = 8.5, 2.1 Hz, 1H), 6.14 (d, J = 2.2 Hz, 1H), 4.41 (s, 

2H). 13C NMR (151 MHz, DMSO-d6) δ 141.22, 129.63, 128.36, 124.57, 111.79, 111.49, 103.24, 

99.46  

N1-((5-amino-1H-indol-3-yl)methyl)-N2,N2-diethylethane-1,2-diamine(32): brown 

(Crude):  1H NMR (600 MHz, DMSO-d6) δ 10.32 (s, 1H), 7.03 (d, J = 3.8 Hz, 1H), 7.00 (d, J = 2.3 Hz, 

2H), 6.71 (d, J = 1.9 Hz, 1H), 6.46 (dd, J = 8.5, 2.0 Hz, 2H), 3.71 (s, 2H), 3.17 (d, J = 4.9 Hz, 2H), 2.64 

– 2.55 (m, 2H), 2.48 – 2.39 (m, 6H), 0.95 – 0.88 (m, 6H). 

Experimental procedure for fragment screening with FID assays, 1D-NMR titration, cells and 

culture conditions, cell proliferation assay, western blot analysis, c-MYC expression and immuno 

blotting, cell cycle analysis and molecular modelling are presented in chapter 4 of this thesis 
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Chapter 3 Novel triazole linked indole derivatives as c-MYC G-quadruplex stabilizers 

via click chemistry 

3.1 Introduction 

It is well established that nucleic acid sequences rich in guanosine (G) residues can form 

secondary structures known as G quadruplexes (G4s),1 which are assimilated in nucleic acid 

sequences, has ignited a new role for DNA in biology. The interest in G4 DNA structures has 

increased enormously in recent years, due to evidence that guanine rich (G-rich) sequence 

are located in biologically functional regions of the human genome such as oncogene 

promoters and telomeres.2–4 The G4s are reported to be found in the promoter region of 

oncogenes such as c-KIT,5 VEGF,6 BCL-2,7 KRAS,8 and c-MYC, whose overexpression is related 

to a number of human cancer like breast, colon, osteosarcoma, myeloid leukemias.9 G4 motifs 

are over-represented also in the terminal region of chromosomes (telomeres), where they 

may be involved in maintaining chromosome stability.10  

In particular, up to 80% of all solid tumors (including gastrointestinal, ovarian and breast 

tumors) overexpress c-MYC.11 It has been suggested that ligands that bind selectively with 

promoter G-quadruplexes could in principle down-regulate the expression of these genes and 

thus have an anticancer effect.12–14 Over the past few years, a large number of 

peptidomimetics ligands have been synthesized and tested for their potential to interact with 

c-MYC promoter G4 structures.15 Some of these G4 ligands have been reported for their ability 

to interfere with the binding of c-MYC-associated proteins.16 The design of G4 binding small 

molecule scaffolds has been predominately based on the fundamental principles of having a 

heteroaromatic core with a planar conformation to enable bindings in G4 grooves and to 

loops. 

A number of triazole linked compounds have been reported as potent and selective G4-small 

molecules have been reported that can stabilize the c-MYC G-quadruplex such as 

trisubstituted acridines,17 11-triazole substituted benzofuro[3,2-b]quinolone,18 

Phenanthroline-2,9-bistriazoles19 and phenanthroline-bis-oxazole,20 bis-triazole,21 and 1,3-

biphenylene-bistriazole22   has shown the significant G4 stabilization potential (Fig. 59). 

Nevertheless, few of these ligands have been demonstrated to exhibit specificity toward the 

c-MYC G quadruplex over other G4 sequences. However, the diversity of G-quadruplex 

structures could be used to enhance the selectivity of G-quadruplex ligands they tend to non-

selectively bind to various types of nucleic acid structures. Therefore, we were greatly 

interested in seeking a ligand that can selectively target the c-MYC G-quadruplex. 
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It is hypothesized that higher selectivity for G4 over duplex DNA can be achieved by extending 

the heteropolyaromatic scaffold to increase π-π overlap with the larger surface area of a 

terminal G-quartet.23 This is mainly due to the fact that selectivity for the larger surface area 

of a terminal G-quartet increases with ligand size and the number of side-chain substituents. 

In this context, alkynes are one of the commonly used click chemistry transformations, has 

gained considerable interest in designing G-quadruplex binding ligands.24,25 This reaction is 

operationally simple, regioselective, modular and bio-orthogonal, providing high yields of the 

products.26 Cu(I)-catalyzed Huisgen 1,3-dipolar cycloaddition of azides and  The 

heteroaromatic 1,2,3-triazole motif is an appealing peptide bond isostere because of their 

similar structural and electronic characteristics to those of a peptide bond.27 Endowed with 

these unique features, this peptidomimetics Cu(I) catalyzed azide-alkyne cycloaddition 

approach have been viewed as ideal reactions for chemical targeting of G-quadruplexes.25  

 

Figure 59. Triazole based G-quadruplex binding and stabilizing ligands reported in the 

literature 
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3.2 Bioisosterism  

Isosteres were first defined in 1919 by Langmuir, as atoms or groups possessing same 

number of valence electrons.28 An extension of this concept was provided by Grimms and 

Erlenmeyer who redefined isosters as atoms, ions, and molecules in which the peripheral 

layers of electrons are same.29 Pioneering work by Friedman and Thornber in early 1950s led 

to further evolution of the concept of bioisosters and their consideration as atoms or groups 

which exhibit similar physicochemical properties and biological activity.30,31 Classical 

examples of bioisosters in nature are amino acids such as serine and cysteine, tyrosine and 

histidine, pyrimidine and purine base (Fig.60). Bioisosters are classified into two main 

categories, classical and non-classical bioisosters. Classical bioisosters are those atoms or 

groups which have similar valence electrons or ring equivalents (Table 12). Non-classical 

bioisosters are those which do not have any similarity in their valence electrons or ring 

equivalents (Table 13).32,33  

 

 

Figure 60. Bioisosters in nature. 

 

Table 12. Classical Bioisosters groups and atoms 

 

Monovalent Divalent Trivalent Tetravalent 

-OH, -NH2, -CH3, -OR -CH2 =CH- =C= 

-F, -Cl, -Br, -I, -SH, -PH2 -O- =N- =Si= 

-Si3, -SR -S- =P- =N+= 

 -Se- =As- =P+= 

 -Te- -Sb- =As+= 

   =Sb+= 
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Table 13. Non-classical Bioisosters groups and atoms 
 

-CO- -COOH -SO2NH2 -H -CONH -CONH2 
-CO2- -SO3H -PO(OH)NH2 -F -ROCO -CSNH2 
-SO2- -Tetrazole =N- -OH -Benzimidaole  
-SO2NR -SO2NH2 =P- -CH2OH   
-CON- =N- =As- -NHCONH2   
 -CF3 -Sb- -NH-CS-NH2   
 -CN     

 
Bioisosterism is the most common approach applied in pharmaceutical industry for lead 

evolution. Applicability of these principle to develop therapeutically active new substances 

against distinct classes of targets, development of me-too types of drugs and also as a tool for 

molecular modification have made bioisosterism quite popular among medicinal chemists in 

industry.33 Many successful stories of lead optimization using this approach have further 

enhanced its stature in drug design.34 The principles of bioisosterism continue to be employed 

for two main reasons.35 

 

 Enhancement in potency via isoform selectivity. 

 Favourable pharmacokinetic parameters. 

Several similar success stories of lead optimization via bioisosterism point to the relevance of 

the approach to modern drug development. Many of the leads that have been developed as 

such have emerged as blockbuster drugs. Appropriate use of bioisosterism can be assisted by 

theoretical predictability or modeling of parameters and adequate knowledge of 

pharmacodynamics. 

 

3.2.1 Importance of click chemistry in medicinal chemistry 

A click reaction satisfies many criteria: it can be applicable modularly and widely in scope, 

obtain high chemical yields, produce minimal byproducts that can be removed by 

chromatographic methods, and be stereospecific (but not necessarily enantioselective) when 

applicable. In addition, it has simple reaction conditions, involves readily available starting 

materials, reagents, and a benign solvent (preferably water), and allows simple isolation of 

products by crystallization or distillation but not preparative chromatography. In practice, 

click reactions tend to have large negative free energies and hence involve carbon-

heteroatom bond forming processes. Thus, unlike many conventional synthetic reactions, the 

power of click chemistry lies in its simplicity and ease of use. 
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3.2.2 The physicochemical properties of 1,2,3-triazoles  

1,2,3-Triazoles are π-electron-deficient and exhibit both basic and acidic properties. Due to 

their poor basicity, the 1,2,3- triazole ring is not protonated at physiological pH. In addition, 

they possess a strong dipole moment (5.2 -5.6 Debye),36 an aromatic character and a good 

hydrogen-bond-accepting ability. Furthermore, they are very stable to both metabolic37 and 

chemical degradations, being rather inert to severe hydrolytic, oxidizing and reducing 

conditions, even at high temperatures. 

3.2.3 The application of 1,2,3-triazoles in drug discovery  

The synthetic 1,2,3-triazoles show diverse biological activities, such as anticancer,38 

antifungal and antibacterial,39–41 antituberculosis,42,43 and antivirus.44,45  Thus, click chemistry 

has attracted extensive interest in almost all aspects of drug discovery, such as lead discovery 

through combinatorial chemistry, target-templated in vitro chemistry, and proteomics and 

DNA research by using bioconjugation reactions. 

3.2.4 1,2,3-Triazole ring as the non-classic bioisostere of amide  

Among a variety of bioisosteres of the amide moiety 1,2,3- triazole has attracted increasing 

attention in drug discovery. The similitude of the two moieties can be seen in the size 

(distances between substituents are 3.8 -3.9 A˚ in amides and 5.0 - 5.1 A˚ in 1, 2, 3-triazoles, 

the dipolar moment (amide ~ 4 Debye, 1,2,3-triazole ~ 5 Debye), and the H-bond acceptor 

capacity (Figure 1).46 The 1,2,3-triazole rings, with sp2 -hybridized nitrogen atoms N(2) and 

N(3), can function as weak hydrogen-bond acceptor due to the lone pair electrons. Moreover, 

the strong dipole moment of 1,2,3-triazole ring polarizes the C(5) proton to such a degree that 

it can function as a hydrogen-bond donor similar to the amide NH (Fig. 61). Furthermore, the 

1,2,3-triazole ring has a large dipole that could align with that of the other amides in a given 

peptide secondary structure. 47 However, unlike amides 1,2,3-triazoles are extremely stable 

to hydrolysis. Because of the ability of 1,2,3-triazoles to function as rigid linking units that 

mimic the atom replacement and electronic properties of a peptide bond without the 

susceptibility of hydrolysis, many known 1,2,3-triazoles possess biological activity. A number 

of promising agents with the 1,2,3-triazole moiety instead of the amide bond retain the 

biological activity. 
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Figure 61. Hypothesis on how 1,2,3-triazole acts as non-classic bioisosteres of amides (Reproduced 

from reference 40) 

3.3 Project Objective  

Main objective of this chapter is to generate feasible bioconjugation strategies for fragment 

expansion to optimize the identified hit from our primary screening of fragments with FID 

screenings. From our initial fluorescence displacement (FID) screening of 130 chemically 

diverse fragments, we found that fragment 5-aminogramine (labeled as A8/9a in table 4 and 

fig. 50a of chapter 1) could stabilize the c-MYC promoter G4, results into down-regulation of 

the c-MYC transcription and expression (see Fig. 56B, compound in chapter 2) at higher 

concentration. Our further study showed that identified fragments have no significant binding 

effect on the c-MYC G4. However, the G4 stabilizing effect and binding affinity of 12 & 15 are 

not good enough for further in depth studies. Therefore, further hit optimization from these 

identified fragments were performed by click chemistry peptidomimetics approach.  

3.4 Results and Discussion   

3.4.1 Design and Synthesis  

To generate the library of triazole linked indole conjugate simple synthetic strategies were 

reported in this chapter.  In scheme 1, scaffold 1-methyl-1H-indol-5-amine (12) is obtained 

in 60 % yield with Pd/C, NH2NH2.H2O hydogenation of 1-methyl-5-nitro-1H-indole (11), 

which is a nucleophilic substitution product of 5-nitro-1H-indole (1).48 The intermediate 5-

nitro-1H-indole-3-carbaldehyde (13) is obtained in 60 % yield via Vilsmeier-Haack reaction49 

with 5-nitro-1H-indole (1) which is a key step to generate conjugates 14 in quantitative yields 

with one pot in-situ reaction of aldehydes with substituted amines in presence of NaBH4 as a 

reducing agent.50  
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Scheme 1: A) K2CO3, DMF, 3-bromo-1-propyne, r.t, 4 h, 88 %; B) POCl3, DMF, 0 oC -r.t, 1h, 58 %; C) 

NaBH4, MeOH, Substituted amine, r.t, 3h, 38 %; D) K2CO3, DMF, 1,3-Dibromopropane, r.t, 4 h, 65 %; E) 

NaN3, DMF, 80 oC, reflux, 4 h, 48 %; F) POCl3, DMF, 0 oC - r.t, 1h, 35 %; G) NaBH4, MeOH, corresponding 

amine, r.t, 3h, 45 %; H) NaH, DMF, r.t, 1 h, CH3I, r.t, 8 h, 95 %; I) Pd/C, NH2NH2.H2O, MeOH, 0.5 h, reflux, 

3 h, 52%; J)  POCl3, DMF, 0 oC - r.t, 1 h , 30 %; K) NaBH4, MeOH, Substituted amine, r.t, 3h, 56 %; L) Pd/C, 

NH2NH2.H2O, MeOH, 0.5 h, reflux, 3 h, 52%; M) CuSO4.5H2O, sodium ascorbate, t-BuOH, H20 (1:1), r.t, 

8h , 50-55 %; N) Pd/C, NH2NH2.H2O, MeOH, 0.5 h, reflux, 30-35 % 

 

This strategy is proven to be useful for the Pd/C, NH2NH2.H2O-catalyzed hydogenation48 of N, 

N-dimethyl-1-(5-nitro-1H-indol-3-yl)methanamine (14) to 3-(-(dimethylamino) methyl)-1H-

indol-5-amine (15).  Intermediate 5 was generated via nucleophilic substitution reaction of 

5-nitro-1H indole (1) with 1, 3-dibromopropane. 1-(3-bromopropyl)-5-nitro-1H-indole (5) is 

allowed to react with NaN3 in DMF to reach 1-(3-azidopropyl)-5-nitro-1H-indole (6) via 

nucleophilic substitution reaction in 60 % yields. Precursor (6) is then treated with Vilsmeier 

reagent 49 to afford 1-(3-azidopropyl)-5-nitro-1H-indole-3-carbaldehyde (7) in 55 % yield. 49  

Conjugates 8 & 8a were obtained from 1-(3-azidopropyl)-5-nitro-1H- indole-3-carbaldehyde 

(7) by one pot in-situ reaction of substituted amine with aldehyde in presence of NaBH4 in 

methanol media with 56 % yield.  In addition to above to afford N,N-dimethyl-1-(5-nitro-1-

(prop-2-yn-1-yl)-1H-indol-3-yl)methanamine (4) 50 via nucleophilic substitution reaction of 

propargyl bromide with 1 to get intermediate 5-nitro-1-(prop-2-yn-1-yl)-1H-indole (2) 

which pave route for the synthesis of 5-nitro-1-(prop-2-yn-1-yl)-1H-indole-3-carbaldehyde 



Novel triazole linked indole derivatives as c-MYC G-quadruplex stabilizers via click 
chemistry 

 

178 
 

(3) with Vilsmeir-Haack reaction. 49 Conjugate 4 is obtained from 5-nitro-1-(prop-2-yn-1-yl)-

1H-indole-3-carbaldehyde (3) by one pot in-situ reaction of substituted amine with aldehyde 

in presence of NaBH4 in methanol media with 56 % yield. In scheme 2, precursors 2, 4 and 8, 

8a and amine with aldehyde in presence of NaBH4 in methanol media with 56 % yield. In 

scheme 2, precursors 2, 4 and 8, 8a and 8b are allowed undergo copper (I) catalyzed 1, 3-

dipolar cycloaddition click reaction to afford 9, 9a, 9b and 9c respectively. This strategy is 

useful for Pd/C, NH2NH2.H2O-catalyzed hydogenation48 of 9, 9a and 9b to 10, 10a and 10b 

respectively. 

Conjugate 4 is obtained from 5-nitro-1-(prop-2-yn-1-yl)-1H-indole-3-carbaldehyde (3) by 

one pot in-situ reaction of substituted amine with aldehyde in presence of NaBH4 in methanol 

media with 56 % yield. In scheme 2, precursors 2, 4 and 8, 8a and amine with aldehyde in 

presence of NaBH4 in methanol media with 56 % yield. In scheme 2, precursors 2, 4 and 8, 8a 

and 8b are allowed undergo copper (I) catalyzed 1, 3-dipolar cycloaddition click reaction to 

afford 9, 9a, 9b and 9c respectively. This strategy is useful for Pd/C, NH2NH2.H2O-catalyzed 

hydogenation48 of 9, 9a and 9b to 10, 10a and 10b respectively. 

3.5 Initial screening with Fluorescent indicator displacement (FID) assays  

The ability of all seven triazole derivatives compounds (9, 9a, 9b, 9c, 10, 10a and 10b) and all 

the intermediates to FID assays were performed to investigate the binding affinity of selected 

fragments for c-MYC, c-KIT1, BCL-2, h-TELO, G4 and duplex ds24-DNA and ds27-DNA DNA 

sequences (Table 2 in chapter 2). In this assay, we monitored the thiazole displacement ability 

by increasing concentrations of the ligands. 

Table 14. List of synthesized fragments screened based on Thiazole Displacement Assays 

Hits Structures SMILE NOTATION FID 
AFFINITY 

2 

 

O=N(=O)C1=CC2=C(C=C1)N(CC#C)C=C2 ++ 

3 

 

[H]C(=O)C1=CN(CC#C)C2=C1C=C(C=C2)N(=O)=O ++ 

4 

 

CN(C)CC1=CNC2=C1C=C(N)C=C2 ++ 

5 

 

BrCCCN1C=CC2=C1C=CC(=C2)N(=O)=O ++ 
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6 

 

N=[N]=NCCCN1C=CC2=C1C=CC(=C2)N(=O)=O ++ 

7 

 

[H]C(=O)C1=CN(CCCN=[N]#N)C2=C1C=C(C=C2)N(=O)=
O 

++ 

8 

 

CN(C)CC1=CN(CCCN=[N]#N)C2=C1C=C(C=C2)N(=O)=O ++ 

8a 

 

CCN(CC)CCNCC1=CN(CCCN=[N]#N)C2=C1C=C(C=C2)N(
=O)=O 

++ 

9 

 

[O-
][N+](=O)C1=CC2=C(C=C1)N(CC1=CN(CCCN3C=CC4=CC

(=CC=C34)[N+]([O-])=O)N=N1)C=C2 

++++ 

9a 

 

CN(C)CC1=CN(CCCN2C=C(CN3C=CC4=C3C=CC(=C4)[N+
]([O-])=O)N=N2)C2=CC=C(C=C12)[N+]([O-])=O 

+++++ 

9b 

 

CN(C)CC1=CN(CCCN2C=C(CN3C=C(CN(C)C)C4=C3C=CC(
=C4)[N+]([O-])=O)N=N2)C2=CC=C(C=C12)[N+]([O-])=O 

+++++ 

9c 

 

CCN(CC)CCNCC1=CN(CCCN2C=C(CN3C=CC4=C3C=CC(=
C4)[N+]([O-])=O)N=N2)C2=CC=C(C=C12)[N+]([O-])=O 

+ 
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10 

 

NC1=CC2=C(C=C1)N(CC1=CN(CCCN3C=CC4=CC(N)=CC=
C34)N=N1)C=C2 

++++ 

10a 

 

CN(C)CC1=CN(CCCN2C=C(CN3C=CC4=C3C=CC(N)=C4)N
=N2)C2=CC=C(N)C=C12 

++++ 

10b 

 

 
CN(C)CC1=CN(CCCN2C=C(CN3C=C(CN(C)C)C4=C3C=CC(

N)=C4)N=N2)C2=CC=C(N)C=C12 

++++ 
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Figure 62. Thiazole displacement potential of the commercial ligand 12, A2 and 15 and synthesized 

G4-ligands.Best ligands are highlighted in red color Experimental condition: 0.25 µM DNA, 0.5 µM 

Thiazole Orange, 10 % DMSO, 20 mM Na caco, 140 mM KCl, pH 7 (25 µL/well) 
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Additionally, ligands were also screened towards a double-stranded DNA in order to assess 

the G4 vs ds-DNA selectivity. In our findings, as anticipated triazole conjugates 9a, 9b, 10a and 

10b generated from parent fragment51 showed a very strong affinity towards c-MYC G4 DNA 

with Ki values ranging from 2.0-4.0 µM. Most compounds showed the preferential affinity 

towards human parallel promoter c-MYC G4 DNA sequences in comparison to other 

promoter, telomeric G-quadruplex and duplex oligonucleotide sequences (see Table 15, 

figure 63 & 64). 

Table 15. Ki values for the most active ligands for G-quadruplex and Duplex DNA sequences  

 

 

 

 

 

 

 

Figure 63. Ki value plots for the most active ligands for promoter G-Quadruplex sequences c-MYC, c-

KIT-1 based on Thiazole Displacement Assays ; Titration scheme of c-MYC: c(TO) = 0,5 μM; c(cMYC) = 

0,5 μM; c(DMSO) = 10%; c (Ligand) = 256 μM, 128 μM, 64 μM, 32 μM, 16 μM, 8 μM, 4 μM, 2 μM, 1 μM, 

0.5 μM, 0.25 μM, 0.125 μM, 0.0625 μM; r.t; Titration of c-KIT1: c(TO) = 0,5 μM; c(c-KIT-1)) = 0,25 μM; 

c(DMSO) = 10%; c(Ligand) = 1024 μM , 512 μM, 256 μM, 128 μM, 64 μM, 32 μM, 16 μM, 8 μM, 4 μM, 2 

μM, 1 μM, 0,5 μM, 0,25 μM, 0,125 μM; r.t 

 

 

 

 

 

 

Ki ( µM)   9a 9b 10a 10b 15 12 

 c-MYC 2.11 2.42 8.59 8.87 3.32 3.22 

c-KIT-1 20.21 27.83 28.85 28.93 8.89 7.54 

BCL2 39.37 35.75 39.17 29.43 25.75 32.43 

h-Telo- 22 102.39 106.13 114.13 104.74 104.13 111.29 

ds-DNA-24 1064.13 1015.23 532.86 668.12 464.13 504.53 

ds-DNA-27 1661.13 1675.12 1688.3 1578.26 2049.66 2182.15 
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Figure 64.  Ki value plots for the most active ligands for promoter G-Quadruplex sequences BCL-2, h-

TELO, ds-DNA-24 and ds-DNA-27 based on Thiazole Displacement Assays; Titration scheme of BCL-2: 

c(TO) = 0,5 μM; c(BCL-2)) = 0,25 μM; c(DMSO) = 10%; c(Ligand) = 1024 μM , 512 μM, 256 μM, 128 μM, 

64 μM, 32 μM, 16 μM, 8 μM, 4 μM, 2 μM, 1 μM, 0,5 μM, 0,25 μM, 0,125 μM; r.t; Titration of h-Telo-DNA: 

c(TO) = 0,5 μM; h-Telo = 0,5 μM; c(DMSO) = 10%; c(Ligand) = 5012 μM, 2056 μM, 1028 μM, 604 μM, 

302 μM, 106 μM, 80 μM, 40 μM, 20 μM, 10 μM, 5 μM , 1 μM, 0,5 μM; r.t; Titration of ds-DNA-27: c(TO) = 

0,5 μM; (ds-DNA-27) = 0,5 μM; c(DMSO) = 10%; 80192 μM, 40096 μM , 20048 μM, 10024 μM, 5012 μM, 

2056 μM, 1028 μM, 604 μM, 302 μM, 106 μM, 20 μM, 10 μM, 5 μM; r.t; Titration of  ds-DNA-24-Bp: c(TO) 

= 0.5 μM; c(cMYC) = 0.25 μM; c(DMSO) = 10%; c(Ligand) = 20048 μM, 10024 μM, 5012 μM, 2056 μM, 

1028 μM, 604 μM, 302 μM, 106 μM, 80 μM, 40 μM, 20 μM, 10 μM, 5 μM; r.t 

 

 

3.6 Molecular Modelling 

The structure-activity relationship was further explored as described below. First, the 

number of alkyl amino side chains had a significant impact on stabilization activity. The 

triazole linked nitro indoles with two N,N-dimethylmethanamine side chains, such as 9b and 

10b, showed a significant increased stabilization ability with the c-MYC promoter G-

quadruplex compared to conjugates with one alkyl amino side chain  

(9a and 9b). In addition, the length of alkyl bridge between two linked to access the more 

surface area over G-Quartet is very important and type of alkyl amino side chain were also 

important factors for the stabilization activity of the tested compound. At the 3-position, of 5-

nitroindole compounds with an N1,N1,N2-diiethylethane-1,2-diamine (9c) showed weak 

stabilization activity for the G-quadruplex than the two N,N-dimethylmethanamine side 

chains (9b) and one N,N-dimethylmethanamine side chains (9a). At the 5-position, 
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compounds 9, 9a, and 9b, with nitro functional group are relatively much better c-MYC 

promoter G4 ligands in compared to that of amino conjugates 10, 10a and 10b.  

Amongst them the best confirmed and profiled hits 9a and 9b were used in molecular 

modelling studies with the solution NMR structure for the c-MYC-G4 (PDB entry 2L7V).52 In 

order to elucidate the binding mode of best peptidomimetics ligands 9a were performed with 

the c-MYC G4 (PDB:2L7V) at both 5′- and 3′-ends using Autodock 4.2 tools.53 All ligands (i.e. 

9a and 9b) were optimized and prepared for docking simulation with Gaussian 3.0 with semi 

empirical PM3 force field.54 Molecular docking for best ligands were performed into the 

binding sites at the two ends of c-MYC G4-NMR structure of the 2:1 quindoline: MYC G4 

complex in K+ solution (PDB: 2L7V).52  The best energy-scored (BE) pose of ligands 9a and 9b 

for both the 5’- and 3’-sites are predicted by AutoDock 4.2 are shown in the figure 65 and 

table 16. 

 

Figure 65. Best energy-scored (BE) predicted by AutoDock 4.2 of the most promising compound 9b 

against the c-MYC G-quadruplex Pu22 (PDB ID: 2L7V)52; compound 9b is shown in ball and sticks 

model; Hydrogen bond interactions (highlighted in green color) and Pi-Pi stacking interactions 

(highlighted in pink color) are depicted as dashed lines. Compound 9b is stacking at the 5‘ upper and 

3‘ lower tetrads and interacting with G9, G18, G7, G11 and G16 (highlighted in red color). 

 

Given the interesting results of biophysical experiments for compound 9a and 9b against 

multiple G4 sequences (Table 15) and particularly against the c-MYC G4, we have focused our 
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analysis on the predicted BE pose of compound 9a and 9b with c-MYC G4 (PDB entry 2L7V) 

reported in Figure 65. Looking at the binding mode of drug-like triazole indole scaffolds 9b, 

we can nicely see that the central aromatic core of scaffold 9a and 9b are stacking very well 

with both the 5′- and 3′-external tetrads, making extensive stacking π-π interactions with 

aromatic core. Interestingly, the positively charged dimethylamine side chain of scaffolds 9a 

and 9b is involved in the intermolecular salt bridges and some π-sigma stacking interactions 

with aromatic core and phosphate groups on the nucleotide backbone. Some interesting 

conventional hydrogen interactions were observed in between nitro group and aromatic core 

of nucleotide backbone (Fig. 65). These findings led us to deeper analyses of the binding mode 

of 9b against c-MYC G4 through NMR spectroscopy. 

Table 16. Ranking of ligands based upon their binding energies generated after docking analysis of 12, 

15, 9a, 9a and 9b 

Binding Energy (kcal/mol) 
 
9a -6.13 -6.09 -6.03 -6.01 -5.91 -5.85 
9b -6.16 -6.10 -6.05 -6.03 -5.85 -5.66 
9c -5.16 -5.10 -5.19 -5.03 -5.03 -5.02 
10a -5.06 -5.10 -5.05 -5.03 -4.85 -4.66 
10b -4.16 -4.10 -4.05 -4.03 -3.85 -3.66 

 

3.7 1D-NMR: Ligand binding observed by NMR-spectroscopy 

The interactions of click conjugate 9b with c-MYC G4 were further studied by NMR 

spectroscopy. Figure 66 shows NMR spectra of the DNA-ligand complexes at a ratio of 1:4 

(DNA: ligand). In the spectrum of the DNA alone, signals (indicated by grey boxes) of minor 

conformations of the DNA are well visible. These signals disappear upon addition of ligand, 

indicating the stabilization of the major conformation upon binding. 1H NMR investigation 

were used to know the interaction modes and dynamic binding of the MycG4 with click 

conjugate 9b under the physiologically relevant K+ conditions. In 1H NMR spectra (Fig. 66), 

upon addition of 9b into the free MycG4 solution, a new set of sharp, distinct imino proton 

peaks appeared immediately at lower ligand equivalence 0–0.7, while the imino proton peaks 

of free MycG4 remained, indicating a slow-exchange binding of BMVC to the MycG4 on the 

NMR timescale, characteristic of high-affinity binding. Further 2D NMR investigations are 

under process to understand the mode of interaction of click conjugate with MycG4 DNA.  
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Figure 66. c-MYC: (9b) interactions observed by 1H proton NMR spectra (imino). a) Comparison of 

interactions of c-MYC with 9b at a DNA: ligand ratio of 1:4. Signals clearly belonging to the respective 

ligand are indicated by asterisks. The spectra were recorded at 298 K, 600 MHz. Experimental 

conditions: 0.1mM c-MYC in 25mM KPi, 70mM KCl,  pH 7, 0.025mM DSS and 10% DMSO-d6.  
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3.8 Cell Cytotoxicity  

On the basis of all the data from the above experiments, we studied whether the most 

significant triazole derivatives could affect c-MYC transcription in cells. Firstly, promising 

ligands were analyzed in vitro by cell viability assays. HeLa cells were used to perform the cell 

proliferation assay, as they were not only having high levels of c-MYC expression but were 

also used for similar studies. 55 As described in the materials and methods, Hela cells were 

exposed with various increasing concentrations (0-50 µM) of the candidate compounds and 

the parent building fragments 9a, 9b, 10a and 10b respectively for noting the effects of 

defined modifications. The percentage of living cells was then  measured with  Alamar-Blue  

reagent.56 Best selected hits showed dose-dependent cytotoxic effects in HeLa cell line. Dose-

response curves, the relative IC50 values, and the corresponding linear regression coefficients 

(R2), for each G4-ligand, are reported. Interestingly, 9a and 9b showed comparable IC50 

values. Compound 9a and 9b exhibited significantly enhanced inhibitory effect on the cellular 

proliferation of HeLa cells (Fig. 67c & Table 17). Likely, the new hits need to be further 

optimized in terms of target recognition to better exploit their potential activity on the target 

sequences. 

 

Table 17. IC50 values derived for fragments screened via Thiazole displacement assays 9a, 9b, 10a and 

10b in HeLa cell line after 72 h treatment. 

 G-Quadruplex Ligands 

 9a 9b 10a 10b 
 

IC50 (μM)  4.294 
 

3.655  ˃ 45  
 

˃ 45  
 

 

3.9 Western Blot analysis 

Down-regulation of c-MYC expression in human cancer cells: To observe the effects of 

these ligands (9a, 9b, 10a and 10b) at the translational level, HeLa cells were treated with 

defined similar concentrations of the ligands for 24 hr and monitored. The expression levels 

of c-MYC protein relative to the control cells, with western blot using anti-c-MYC antibody 

(Fig. 67 A-B). The protein expressions calculated for ligand treated cells from densitometry 

analysis of western blots were normalized against untreated control cells. In 9a and 9b 

treated Hela cells; the c-MYC protein expression was downregulated by 40 % at 3 μM & 60 % 

at 10 μM respectively (Fig. 67a & 67B). Since 9b is found to be the best G4-ligand in triazole 
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series, which could down-regulate c-MYC transcription and expression in cells, we next 

evaluated whether 9b could affect cancer cell proliferation.  

 

Figure 67. A) Bar diagram representing fold expression of c-MYC protein expression in HeLa cells  B) 

Western blot analysis for c-MYC gene expression in of 9a, 9b , 10a, and 10b treated HeLa cells (a=3µM 

and b = 10 µM); C & D) Dose-response and IC50 values derived for best ligands 9a and 9b in HeLa cell 

line after 72 h treatment.  

 

3.10 Cell Cycle Analysis  

To investigate the effect of 9b on different phases of untreated control cells maintained a 

normal percentage (68.1 %) of the total population in G0/G1 phase with 29.1 % in S/G2 

phases, respectively. cell cycle distribution in Hela cells, we have performed 7-amino 

actinomycin D (7-AAD)-based cell cycle analysis experiments. On exposure to 9b at 4 μM 

concentration, cells displayed a prominent G1 phase arrest in flow cytometry (Fig. 68). The 

G0/G1 cell population increased to 74.0 % upon incubation with 9b for 24 hr at 4 μM 

concentration. The observed increase in G0/G1 population suggested that the compounds 

caused a significant block in S/G2-phase progression. Most probably by hindering the DNA 

unwinding due to ligand-mediated stabilization of promoter c-MYC G-quadruplexes. The FACS 

analysis thus suggests that upon treatment with 9b, cells undergo G0/G1 arrest with 

concomitant decrease of S/G2-phase population thereby leading to cell death. The above 

results suggested that 9b could inhibit proliferation of cancer cells, which could possibly be 

related to its binding with the c-MYC G4 of the c-MYC promoter and repressing c-MYC 

oncogene transcription. 
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Figure 68. Cell cycle analysis of HeLa cells treated with ligand 9b at 4 μM concentrations for 24 h. 

3.11 Conclusion 

 

Figure 69. A) Hit Identified based of the FID assays and lead optimization strategy with structure 

activity relationship; B) Fragment extension strategy via click chemistry to generate triazole linked 

indole conjugates 9b  

A new series of triazole linked indole derivatives as a potential G quadruplex stabilizers have 

been described. The target ligands can be obtained through an efficient, convergent, synthetic 

route in moderate to good yields. In FID assays four ligands show specific binding to the c-

MYC promoter G-quadruplex sequences compared to that of the other G-quadruplex 

sequences (c-KIT-1, BCL2, h-Telo).The synthesized triazole linked indole derivatives 9a, 9b, 

10a and 10b are selective towards c-MYC G4-DNA vs. duplex-DNA. The planarity of the 

aromatic core, and its ability to occupy more surface area by stacking over the G-quartet 

greatly affect the ability of the compounds to stabilize the G-quadruplex. In addition to that in 

our biophysical and biological evaluation we found that the triazole linked nitro indoles are 
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more promising than the amino indole derivatives. Further the importance of the nitro 

functional group has been justified by molecular docking studies, in which interesting 

conventional hydrogen bonding interactions were observed in between the nitro group and 

the guanine base pairs of the G-quadruplex structure. In cell viability assays, most of the 

synthesized triazole linked nitro indoles (9a and 9b) has shown potent cell growth inhibitory 

activity against human carcinoma (cervical) HeLa cell lines. In vitro cellular studies confirms 

that the novel triazole linked 5-nitro indole derivatives down-regulate c-MYC expression in 

cancer cells via stabilizing its promoter quadruplex structure and have the potential to induce 

cell cycle arrest in G0/G1 phase. 

The weak correlation between FID assays and cell viability assay results suggests that the 

synthesized ligands may have additional mechanisms of action besides targeting G-

quadruplexes. Docking studies give us a clear idea about the nature of the ligand-quadruplex 

DNA interactions and rationalize the moderate binding affinity the ligands shown in the FID 

and which was further confirmed by the NMR investigations, NMR analysis suggests that 9b 

interacts in slow exchange regime with the terminal G-quartets (5’ and 3’-end). Further 

investigation are under process to reach concrete conclusion. Our present results increased 

our understanding of the effect of c-MYC G4 on oncogene transcriptional regulation. The 

present study also suggests that the triazole linked indole derivative 9b could become a 

potential lead compound for further development for cancer treatment with a new target of 

the c-MYC promoter G-Quadruplex. This information can guide the optimization of ligands 9a 

and 9b, for increased binding affinity and selectivity toward G-quadruplex structures. 

3.12 Experimental Section 

Chemistry: All solvents and reagents were purified by standard techniques or used as 

supplied from commercial sources (Sigma-Aldrich Corporation unless stated otherwise). All 

reactions were generally carried out under inert atmosphere unless otherwise noted. TLC 

was performed on Kieselgel 60 F254 plates, and spots were visualized under UV light. 

Products were purified by flash chromatography on silica gel (100-200 mesh). 1H NMR 

spectra were recorded at 600 MHz instruments at 298 K. 13C NMR spectra were recorded on 

either 151 MHz with complete proton decoupling. Chemical shifts are reported in parts per 

million (ppm) and are referred to the residual solvent peak. The following notations are used: 

singlet (s); doublet (d); triplet (t); quartet (q); multiplet (m); broad (br). Coupling constants 

are quoted in Hertz and are denoted as J. Mass spectra were recorded on a Micromass Q-Tof 

(ESI) spectrometer.  
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Generalized procedure for the reduction of nitro to amine: a solution of a nitro conjugate 

in 10 mL of ethanol was dropped into a suspension of 10% Pd/C (12.5 mg) saturated with 

H2 in ethanol (20 ml). The mixture was stirred at room temperature for 3 h, according to TLC 

analysis (MeOH/DCM 1:3). The catalyst was recovered and the filtrate was evaporated under 

reduced pressure to dryness to give the corresponding amino-indole. 

Generalized procedure for Intermediate 3 & 7 with Vilsmeir Haack reaction (A): POCl3 

(1.2 ml, 9.25 mmol, 1.5 eq.) as reaction solvent was added in dropwise manner to the dried 

DMF (10 ml) under inert condition at 0 oC. This mixture was allowed to stir at room 

temperature for 1 hour followed with the addition of reactant (1 eq) 2 and 6. The reaction 

mixture was then allowed to react for 1 hour by stirring at room temperature. The reaction 

mixture was then quenched with equal amount of ice water and 50 % NaOH was added until 

a pH of 9.  

Generalized procedure for the condensation of substituted carboxaldehyde and 

corresponding amines (B): Substituted-carboxaldehyde 2a, 1b, 1c, 1d and 1e (1eq) and 

substituted amines (3 eq) were dissolved in 50 mL of dry EtOH: CH3CN (1:1). The resulting 

mixture stirred for 2 h at room temperature and then the solvent was concentrated under 

reduced pressure The resultant residue was dissolved in 20 mL EtOH and then NaBH4 (10 eq) 

was added to it in portion wise. The reaction mixture is allowed to stir for 24 h at room 

temperature, and then the excess of NaBH4 was filtered off and the solvent was evaporated to 

dryness. The resultant solid was treated with deionized water and extracted with CH2Cl2 (3 x 

50 mL). The organic phase was evaporated under reduced pressure. Generalized procedure 

for making HCl salt (C): The solid was dissolved in EtOH: dioxane (1/3) and precipitated with 

aqueous HCl 37% to obtain its hydrochloride salt. The precipitate was filtered and 

recrystallized with MeOH to give desired product. 

Generalized procedure for nucleophilic substitution of alkynes: 5-Nitro-1H-indole (2.01 

g, 12.3 mmol) has added to a solution of anhydrous KOH (0.692 g, 12.3 mmol) in DMF (100 

ml) at room temperature for 30 min. followed with the addition of 3-bromoprop-1-yne & 4-

bromobut-1-yne (4 eq) and reaction mixture was allowed to stir overnight. 

Generalized procedure for Click Chemistry: Corresponding azide 8 & 8a (1 eq.) reacted 

with corresponding alkyne 2 & 4 (10, 40.97 mg, 0.195 mmol, 1.1 eq.) by adding CuSO4 · 5H2O 

(18.22 mg, 0.089 mmol, 0.5 eq), Na-ascorbate (18.73 mg, 0.089, 0.5 eq), 10ml t-BuOH and 

10ml H2O. The reaction lasted 8 hours at room temperature. After completion of the reaction. 

The reaction mixture was extracted with ethyl acetate and water. The separated organic 

phase dissolved in ethyl acetate was concentrated under reduced pressure by Rotavapor and 
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dried with MgSO4. Finally, through the column chromatography G-quadruplex stabilization 

agent 9, 9a, 9b and 9c was purified. 

5-nitro-1-(prop-2-yn-1-yl)-1H-indole (2): Yield 36 %, yellow solid; Rf  (eluent EA/cyclo 1:3) 

0.43; M.p: 113 - 115 oC.  1H NMR (600 MHz, CDCl3) δ 8.57 (d, J = 2.2 Hz, 1H), 8.17 – 8.11 (m, 

1H), 7.43 (d, J = 9.1 Hz, 1H), 7.37 (d, J = 3.3 Hz, 1H), 6.71 (d, J = 3.3 Hz, 1H), 4.93 (d, J = 2.6 Hz, 

2H), 2.48 (t, J = 2.6 Hz, 1H); 13C NMR (151 MHz, CDCl3) δ 142.04, 138.04, 130.46, 128.18, 

118.25, 117.63, 109.37, 104.64, 76.33, 74.60, 36.27 ppm; HRMS (ESI): calcd for C11H8N2O2  

200.06; found 201.06 

5-nitro-1-(prop-2-yn-1-yl)-1H-indole-3-carbaldehyde (3): crude product was purified on 

silica as a stationary phase; with 1:4 EA: CH. The product was a yellow solid. 1H-NMR (600 

MHz, DMSO-d6): δ 10.01 (s, 1H), 8.93 (t, J = 3.6 Hz, 1H), 8.61 (s, 1H), 8.23 (dd, J = 9.1, 2.4 Hz, 

1H), 7.87 (d, J = 9.1 Hz, 1H), 5.33 (d, J = 2.5 Hz, 2H), 3.61 (t, J = 2.5 Hz, 1H); .13C NMR (151 MHz, 

DMSO-d6): δ  185.49, 143.43, 142.92, 139.37, 123.94, 118.99, 118.41, 117.24, 112.08, 77.32, 

36.41ppm 

N,N-dimethyl-1-(5-nitro-1-(prop-2-yn-1-yl)-1H-indol-3-yl)methanamine (4): 5-nitro-1-

(prop-2-yn-1-yl)-1H-indole-3-carbaldehyde and 3 equivalent of dimethylamine (40% 

aqueous, 60 mL) allowed to react according to the protocol B. 1H-NMR (600 MHz, DMSO-d6): 

δ 8.61 - 8.59 (d, J = 2.1 Hz, 1H), 8.11 (dd, J = 9.1, 2.2 Hz, 1H), 7.72 (s, 1H), 7.75 (d, J = 9.1 Hz, 

1H), 5.17 (d, J = 2.4 Hz, 2H), 4.29 (s, 2H), 3.61 (bs, 1H), 2.17 – 2.18 (m, 6H). 13C NMR (151 MHz, 

DMSO-d6): δ 141.08, 139.16, 131.14, 127.62, 117.15, 116.99, 116.92, 115.37, 110.96, 78.78, 

76.28, 53.96, 44.96, 35.93; HRMS (ESI): calcd for C14H15N3O2 257.12; found 258.12 

5-nitro-1-(3-bromopropyl)-1H-Indole (5): 5-Nitro-1H-indole (2.01 g, 12.3 mmol) was 

added to a solution of anhydrous KOH (0.692 g, 12.3 mmol) in DMF (100 ml) at room 

temperature for 30 min. Followed with the addition of 1, 3-dibromopropane (3.77 ml, 37.0 

mmol) and reaction mixture was then allowed to stir for overnight. Solvent was removed 

under reduced pressure, and the crude product was purified on silica as a stationary phase; 

Yield 46 % as yellow crystals; Rf = 0.65 (eluent EA/n-Hex 1:4); mp 102°C.  1H NMR (600 MHz, 

CDCl3): δ 2.33-2.44 (m, 2H), 3.28-3.35 (m, 2H), 4.40 (t, J = 6.5 Hz, 2H), 6.78 (d, J = 3.1 Hz, 1H), 

7.67 (d, J = 3.2 Hz, 1H), 7.71 (d, J = 9.1 Hz, 1H), 8.04 (dd, J = 2.3, 9.1 Hz, 1H), 8.58 (d, J = 2.2 Hz, 

1H). 13C NMR (151 MHz, CDCl3): δ = 30.05, 32.70, 44.53, 104.54, 109.33, 117.52, 118.42, 

127.92, 131.22, 138.84, 141.79 ppm; ESI-MS: m/z 282.0 [M+H]; HRMS: m/z calcd for 

C11H11BrN2O2 [M+H] + 282.0, found 282.0 
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1-(3-azidopropyl)-5-nitro-1H-indole (6): To a stirring mixture of 4 (1g, 3.225 mmol, 1 eq) 

in 15 ml Dry DMF about 3 eq of sodium azide (0.6386 g, 9.667 mmol) has been added and 

allowed to reflux for 3-5 hrs. Followed by quenching with Ice water and extraction with ethyl 

acetate. Organic extract was then concentrated under reduced pressure, and the crude 

product was purified on silica as a stationary phase with Cyclohexane: Ethylacetate (9:1) over 

silica gel column. Yield 56 %, yellow solid; Rf (eluent EA/cyclo 1:3) 0.63; Mp 92 - 94 °C. 1H 

NMR (600 MHz, DMSO-d6): δ 10.00 (s, 1H), 8.94 (d, J = 2.1 Hz, 1H), 8.62 (s, 1H), 8.19 (dd, J = 

9.1, 2.3 Hz, 1H), 7.90 (d, J = 9.1 Hz, 1H), 4.43 (t, J = 7.0 Hz, 2H), 3.40 (t, J = 6.6 Hz, 2H), 3.34 

(H2O), 2.07-2.11 ppm (br, 2H); 13C NMR (151 MHz, DMSO-d6): δ 185.13, 146.04-144.33, 

143.35, 139.92, 123.97, 118.75, 118.26, 117.17, 111.90, 47.89, 44.23, 28.53 ppm; HRMS (ESI): 

calcd for C11H11N5O2  245.09; found [M+H] 246.09 

1-(3-azidopropyl)-5-nitro-1H-indole-3-carbaldehyde (7): Crude product further purified 

with Cyclohexane: Ethylacetate (9:1) over silica gel column. Yield 66 %, yellow solid; Rf 

(eluent EA/cyclo 1:3) 0.23; Mp 102 - 104 °C. 1H NMR (600 MHz, DMSO-d6): δ 10.00 (s, 1H), 

8.94 (d, J = 2.1 Hz, 1H), 8.62 (s, 1H), 8.19 (dd, J = 9.1, 2.3 Hz, 1H), 7.90 (d, J = 9.1 Hz, 1H), 4.43 

(t, J = 7.0 Hz, 2H), 3.40 (t, J = 6.6 Hz, 2H), 2.07-2.11 ppm (br, 2H); 13C NMR (151 MHz, DMSO-

d6): δ 185.13, 146.04, 144.33, 143.35, 139.92, 123.97, 118.75, 118.26, 117.17, 111.90, 47.89, 

44.23, 28.53 ppm; HRMS (ESI): calcd for C12H11N5O3  273.09; found 273.09 

1-(1-(3-azidopropyl)-5-nitro-1H-indol-3-yl)-N,N-dimethylmethanamine (8): 

compound 8 (1g, 3.663 mmol, 1 eq) and 3 eq of N1, N1-dimethylethane-1,2-diamine (1.284 g, 

11.070 mmol) were allowed to react according to generalized procedure B. Crude product 

was then further purified with DCM: MeOH (9:1) over silica gel column. Yield 26 %, yellow 

solid; Rf (eluent MeOH/DCM 1:3) 0.43; Mp 102 - 104 °C. 1H-NMR (600 MHz, DMSO-d6):  δ 8.66 

(d, J = 1.8 Hz, 1H), 8.03 (dd, J = 9.1, 2.1 Hz, 1H), 7.67 (d, J = 9.1 Hz, 1H), 7.56 (s, 1H), 4.29 (t, J = 

6.9 Hz, 2H), 3.95 (s, 2H), 3.30 - 3.32 (bs, 5H), 2.64 (t, J = 6.4 Hz, 2H), 2.44 (q, J = 7.1 Hz, 4H), 

1.99 - 2.03 (bs, 2H), 0.91 ppm (t, J = 7.1 Hz, 6H); 13C NMR (151 MHz, DMSO-d6): δ 140.35, 

139.09, 126.55, 116.58, 110.24, 51.79, 47.98, 46.34, 43.59, 43.09, 28.90, 11.61 ppm. HRMS 

(ESI): calcd for C14H18N6O2  302.15; found 302.15 

N,N-dimethyl-N'-[[5-nitro-1-(3-Azidopropyl)-1H-indole]methyl]-1,2-Ethanediamine 

(8a): compound 8 (1g, 3.663 mmol, 1 eq) and about 3 eq of N1, N1-diethylethane-1,2-diamine 

( 1.284 g, 11.070 mmol) allowed to react according to generalized procedure B. Crude product 

was then further purified with DCM: MeOH (9:1) over silica gel column. Yield 46 %, yellow 

solid; Rf (eluent MeOH/DCM 1:3) 0.33; Mp 162 - 164 °C. 1H NMR (600 MHz, DMSO) δ 8.57 (d, 

J = 10.6 Hz, 2H), 8.09 (s, 1H), 8.01 (dd, J = 27.3, 9.1 Hz, 2H), 7.80 (d, J = 9.1 Hz, 1H), 7.71 (d, J = 
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3.1 Hz, 1H), 7.62 (d, J = 3.0 Hz, 1H), 7.57 (d, J = 9.1 Hz, 1H), 6.76 (dd, J = 15.1, 3.1 Hz, 2H), 5.58 

(s, 2H), 4.31 (dt, J = 22.5, 7.0 Hz, 4H), 2.33 (p, J = 6.9 Hz, 2H). 13C NMR (151 MHz, DMSO-d6): δ 

140.11, 139.22, 130.92, 130.39, 126.30, 116.70, 116.47, 116.12, 114.59, 110.20, 85.45, 55.25, 

53.42, 53.03, 52.79, 51.84, 47.46, 43.62, 30.81, 28.75, 24.19, 23.06 ppm; HRMS (ESI): calcd for 

C18H27N7O2  373.22; found 374.22 

5-nitro-1-(3-(4-((5-nitro-1H-indol-1-yl)methyl)-1H-1,2,3-triazol-1-yl)propyl)-1H-

indole (9): Crude product was then further purified with DCM: MeOH (9:1) over silica gel 

column. Yield 46 %, yellow solid; Rf (eluent MeOH/DCM 1:3) 0.33; Mp 162 - 164 °C. 1H NMR 

(600 MHz, DMSO) δ 8.63 (d, J = 2.3 Hz, 1H), 8.60 (d, J = 2.3 Hz, 1H), 8.03 (dt, J = 9.1, 2.1 Hz, 

2H), 7.66 (dd, J = 9.1, 4.7 Hz, 2H), 7.55 (d, J = 5.6 Hz, 1H), 7.54 (d, J = 9.6 Hz, 1H), 4.35 – 4.21 

(m, 4H), 3.92 (s, 2H), 2.71 – 2.60 (m, 3H), 2.35 (dd, J = 18.3, 2.7 Hz, 2H), 2.24 (dd, J = 14.1, 7.7 

Hz, 6H), 2.02 -1.87 (m, 4H), 1.76 – 1.49 ppm (m, 4H). 13C NMR (151 MHz, DMSO-d6): δ 142.83, 

140.46, 138.57, 132.67, 131.93, 127.17, 123.65, 123.16, 116.27, 110.62, 110.10, 104.38, 

104.21, 103.47, 46.82, 42.96, 41.08, 30.16 ppm; HRMS (ESI): calcd for C22H19N7O4   445.1; 

found 445.1493 

N,N-dimethyl-1-(5-nitro-1-(3-(4-((5-nitro-1H-indol-1-yl)methyl)-1H-1,2,3-triazol-1-

yl)propyl)-1H-indol-3-yl)methanamine (9a): Crude product was then further purified 

with DCM: MeOH (9:1) over silica gel column. Yield 46 %, yellow solid; RF (eluent MeOH/DCM 

1:3) 0.33; Mp 162 - 164 °C. . 1H NMR (600 MHz, DMSO-d6) δ 8.63 (d, J = 2.3 Hz, 1H), 8.60 (d, J 

= 2.3 Hz, 1H), 8.03 (dt, J = 9.1, 2.1 Hz, 2H), 7.66 (dd, J = 9.1, 4.7 Hz, 2H), 7.55 (d, J = 5.6 Hz, 1H), 

7.54 (d, J = 9.6 Hz, 1H), 4.35 – 4.21 (m, 4H), 3.92 (s, 2H), 2.71 – 2.60 (m, 3H), 2.35 (dd, J = 18.3, 

2.7 Hz, 2H), 2.24 (dd, J = 14.1, 7.7 Hz, 6H), 2.02 -1.87 (m, 4H), 1.76 – 1.49 ppm (m, 4H). 13C 

NMR (151 MHz, DMSO-d6): δ 142.84, 140.76, 140.45, 138.80, 138.23, 132.53, 131.32, 127.44, 

126.82, 123.25, 117.40, 116.78, 116.44, 110.66, 110.03, 104.03, 53.40, 46.67, 44.66, 43.19, 

41.25, 29.87, 26.10 ppm; HRMS (ESI): calcd for C25H26N8O4  502.22; found 502.20715 

1-(1-(3-(4-((3-((dimethylamino)methyl)-5-nitro-1H-indol-1-yl)methyl)-1H-1,2,3-

triazol-1-yl)propyl)-5-nitro-1H-indol-3-yl)-N,N-dimethylmethanamine (9b): Crude 

product was then further purified with DCM: MeOH (9:1) over silica gel column. Yield 46 %, 

yellow solid; Rf (eluent MeOH/DCM 1:3) 0.33; Mp 162 - 164 °C. 1H NMR (600 MHz, DMSO-d6) 

δ 8.58 (dd, J = 7.4, 2.3 Hz, 2H), 8.07 (s, 1H), 8.03 (dt, J = 10.8, 3.7 Hz, 1H), 7.95 (dt, J = 9.2, 4.6 

Hz, 1H), 7.75 (t, J = 8.6 Hz, 1H), 7.58 (s, 1H), 7.52 – 7.48 (m, 2H), 5.52 (s, 2H), 4.36 – 4.29 (m, 

2H), 4.21 (q, J = 7.3 Hz, 2H), 3.55 (t, J = 18.5 Hz, 4H), 2.35 – 2.27 (m, 2H), 2.16 ppm (s, 12H). 

13C NMR (151 MHz, DMSO-d6): δ 142.91, 140.45, 139.06, 133.55, 131.27, 131.12, 126.99, 
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123.36, 121.90, 116.48, 116.38, 111.07, 110.60, 109.97, 69.23, 53.66, 47.25, 46.63, 44.73, 

42.90, 40.85, 30.09 ppm; HRMS (ESI): calcd for C28H33N9O4  559.27; found 559.290 

N1,N1-diethyl-N2-((5-nitro-1-(3-(4-((5-nitro-1H-indol-1-yl)methyl)-1H-1,2,3-triazol-

1-yl)propyl)-1H-indol-3-yl)methyl)ethane-1,2-diamine (9c): Crude product was then 

further purified with DCM: MeOH (9:1) over silica gel column. Yield 46 %, yellow solid; Rf 

(eluent MeOH/DCM 1:3) 0.33; Mp 162 - 164 °C. 1H NMR (600 MHz, DMSO-d6) δ  8.61 (d, J = 

2.1 Hz, 1H), 8.56 (d, J = 2.1 Hz, 2H), 8.07 (s, 1H), 8.02 (dd, J =9.1, 2.2 Hz, 1H), 7.95 (dd, J = 9.1, 

2.2 Hz, 1H), 7.78 (d, J = 9.1 Hz, 1H), 7.69 (d, J = 3.2 Hz, 1H), 7.49 (d, J = 8.7 Hz, 2H), 6.76 (d, J = 

3.0 Hz, 1H), 5.56 (s, 2H), 4.31 (t, J = 7.1 Hz, 2H), 4.22 (t, J = 7.0 Hz, 2H), 3.87 (s, 2H), 3.87 (s, 

2H), 3.36 (H2O), 2.57 (t, J = 6.4 Hz, 2H), 2.45 (t, J = 6.4 Hz, 2H), 2.39 (q, J = 7.1 Hz, 4H), 2.29 (dd, 

J = 14.0, 7.0 Hz, 2H), 0.87 (t, J = 7.1 Hz, 6H). 13C NMR (151 MHz, DMSO-d6): δ 142.95, 141.83 – 

140.99, 140.59, 139.00, 138.50, 132.49, 130.11, 128.87 – 128.58, 127.07, 123.38, 119.38 – 

118.70, 117.52, 117.36 – 116.39, 111.67 – 111.63, 110.35, 103.94, 52.25, 46.93, 46.68, 46.50, 

43.93, 42.99, 41.27, 30.15, 11.75 ppm; HRMS (ESI): calcd for C29H35N9O4 573.28; found 

574.2884 

1-(3-(4-((5-amino-1H-indol-1-yl)methyl)-1H-1,2,3-triazol-1-yl)propyl)-1H-indol-5-

amine (10): Crude product was then further purified with DCM: MeOH (9:1) over silica gel 

column. Yield 46 %, yellow solid; Rf (eluent MeOH/DCM 1:3) 0.33; Mp 162 - 164 °C. 1H NMR 

(600 MHz, DMSO-d6) δ 7.99 (s, 1H), 7.22 (t, J = 6.5 Hz, 2H), 7.12 (d, J = 3.0 Hz, 1H), 7.04 (d, J = 

8.6 Hz, 1H), 6.69 (s, 2H), 6.52 (dd, J = 10.9, 4.2 Hz, 2H), 5.31 (s, 2H), 4.53 (s, 4H), 4.27 (t, J = 7.1 

Hz, 2H), 4.03 (t, J = 6.9 Hz, 2H), 2.23 (p, J = 6.9 Hz, 2H). 13C NMR (151 MHz, DMSO-d6): δ 142.83, 

140.46, 138.57, 132.67, 131.93, 127.17, 123.65, 123.16, 116.27, 110.62, 110.10, 104.38, 

104.21, 103.47, 46.82, 42.96, 41.08, 30.16 ppm; HRMS (ESI): calcd for C22H23N7 385.20; found 

385.2009 

1-(3-(4-((5-amino-1H-indol-1-yl)methyl)-1H-1,2,3-triazol-1-yl)propyl)-3-

((dimethylamino)methyl)-1H-indol-5-amine (10a): Crude product was then further 

purified with DCM: MeOH (9:1) over silica gel column. Yield 46 %, yellow solid; Rf (eluent 

MeOH/DCM 1:3) 0.33; Mp 162 - 164 °C. 1H NMR (600 MHz, DMSO-d6) δ 8.63 (d, J = 2.3 Hz, 

1H), 8.60 (d, J = 2.3 Hz, 1H), 8.03 (dt, J = 9.1, 2.1 Hz, 2H), 7.66 (dd, J = 9.1, 4.7 Hz, 2H), 7.55 (d, 

J = 5.6 Hz, 1H), 7.54 (d, J = 9.6 Hz, 1H), 4.35 – 4.21 (m, 4H), 3.92 (s, 2H), 2.71 - 2.60 (m, 3H), 

2.35 (dd, J = 18.3, 2.7 Hz, 2H), 2.24 (dd, J = 14.1, 7.7 Hz, 6H), 2.02 -1.87 (m, 4H), 1.76 – 1.49 

ppm (m, 4H). 13C NMR (151 MHz, DMSO-d6): δ 140.11, 139.22, 130.92, 130.39, 126.30, 116.70, 

116.47, 116.12, 114.59, 110.20, 85.45, 55.25, 53.42, 53.03, 52.79, 51.84, 47.46, 43.62, 30.81, 

28.75, 24.19, 23.06 ppm; HRMS (ESI): calcd for C25H30N8  442.26; found 465.2485 
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1-(3-(4-((5-amino-3-((dimethylamino)methyl)-1H-indol-1-yl)methyl)-1H-1,2,3-

triazol-1-yl)propyl)-3-((dimethylamino)methyl)-1H-indol-5-amine (10b): Crude 

product was then further purified with DCM: MeOH (9:1) over silica gel column. Yield 46 %, 

yellow solid; RF (eluent MeOH/DCM 1:3) 0.33; Mp 162 - 164 °C. 1H NMR (600 MHz, DMSO-d6) 

δ 7.96 (d, J = 4.6 Hz, 1H), 7.18 (dd, J = 8.1, 4.0 Hz, 1H), 7.09 (d, J = 4.2 Hz, 1H), 7.01 (d, J = 2.6 

Hz, 1H), 6.99 (s, 1H), 6.76 (dd, J = 4.3, 1.9 Hz, 2H), 6.53 – 6.48 (m, 2H), 5.26 (s, 2H), 4.36 – 4.17 

(m, 4H), 3.99 (t, J = 6.9 Hz, 2H), 3.12-3.14 (br, 4H), 2.16 (d, J = 2.4 Hz, 2H), 2.14 – 2.11 ppm (m, 

12H) . 13C NMR (151 MHz, DMSO-d6): δ 143.58, 141.28, 129.58, 128.71, 127.36, 123.01, 

116.37, 111.79, 109.97, 109.48, 102.84, 54.61, 54.13, 53.66, 47.02, 44.56, 42.50, 40.51, 30.09 

ppm; HRMS (ESI): calcd for C28H37N9   499.32; found C28H37N9Na  522.306 

1-methyl-5-Amino-1H-indole (12): a solution of a 1-methyl-5-nitro-1H-indole (2) (5.87 

mmol) is treated according to protocol A. Yield 96 %; brown solid. Rf (eluent MeOH/DCM 1:3) 

0.44; Mp 87 °C; 1H-NMR (600 MHz, DMSO-d6) δ 7.09 (dd, J = 9.2, 5.8 Hz, 2H), 6.68 (s, 1H), 6.54 

(d, J = 10.5 Hz, 1H), 6.10 (d, J = 2.9 Hz, 1H), 4.45 (s, 2H), 3.66 ppm (s, 3H). 13C NMR (151 MHz, 

DMSO-d6): δ 211.30, 141.55, 130.56, 129.22, 111.82, 109.77, 103.59, 98.77, 32.65 ppm; HRMS: 

m/z calcd for C9H10N2 [M+H]+ 146.19, found 146.19 

5-Nitroindole-3-carboxaldehyde (13): crude product was obtained from 5-nitro-Indole (1) 

by vilsmeir Haack general protocol. Further purified on silica as a stationary phase; with 1:4 

MeOH: DCM. Yield 85 % as yellow amorphous solid; Rf (eluent MeOH/ DCM 1:4) 0.55; M.p: 

109-111 oC; 1H-NMR (600 MHz, CDCl3) δ 9.64 (s, 1H), 8.69 (d, J = 1.8 Hz, 1H), 7.73 (m, 2H), 

7.18 ppm (d, J = 6 Hz, 1H), 2.50 - 2.62 (br, 1H); 13C-NMR: (151 MHz, CDCl3) δ [ppm] 183.97, 

138.90, 118.13, 117.38, 111.91 ppm; HRMS (ESI): m/z calculated for C9H6N2O3: 190.04, found: 

191.09 

N,N-dimethyl-1-(5-nitro-1H-indol-3-yl)methanamine (14): 5-Nitroindole-3-

carboxaldehyde (13) (1eq) and 3 equivalent of dimethylamine (40% aqueous, 60 mL) 

allowed to react according to the protocol B. Crude product is obtained as yellow crystalline 

solid and further purified on silica as a stationary phase with DCM: MeOH (9:1) over silica gel 

column. Yield 60 % as yellow solid; Rf (eluent MeOH/ DCM 1:4) 0.45; mp 114 - 116 oC. 1H-

NMR (600 MHz, DMSO-d6) δ 11.71 (s, 1H), 8.62 (d, J = 1.9 Hz, 1H), 8.00 (dt, J = 11.6, 4.2 Hz, 

2H), 7.56 - 7.51 (m, 1H), 3.68 (s, 2H), 2.22 ppm (s, 6H). 13C-NMR: (151 MHz, DMSO-d6) 

δ 140.09, 139.47, 132.50, 128.31, 126.81, 116.34, 111.59, 69.59, 54.07, 44.65 ppm; HRMS 

(ESI): m/z calculated for C11H13N3O2: 219.10, found: 219.10 

N,N-dimethyl-1-(5-amino-1H-indol-3-yl)methanamine (15): Compound  9 has been 

treated with protocol A. The crude product was purified with DCM: MeOH (9:1) over silica gel 
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column. (10a) Yield 96 %; Brown solid. Rf (eluent MeOH/DCM 1:3) 0.41; Mp 87 - 89 °C; 1H-

NMR (600 MHz, DMSO-d6) δ 10.38 (s, 1H), 7.04 – 6.99 (m, 2H), 6.76 (s, 1H), 6.47 (dd, J = 8.6, 

1.9 Hz, 1H), 3.31-3.32 (b, 2H) 4.41 (s, 2H), 2.12 ppm (s, 6H). 13C-NMR: (151 MHz, DMSO-d6) 

δ 211.06, 140.62, 129.95, 128.50, 124.07, 111.63, 111.20, 110.40, 102.17, 54.50, 44.83 ppm; 

HRMS (ESI): m/z calculated for C11H15N3: 189.13, found: 189.13. 

Experimental procedure for fragment screening with FID assays, 1D-NMR titration, cells and 

culture conditions, cell proliferation assay, western blot analysis, c-MYC expression and 

immuno blotting, cell cycle analysis and molecular modelling are presented in chapter 4 of 

this thesis 
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Chapter 4 Novel Azaindolin-2-one derived c-MYC Promoter G-Quadruplex Stabilizers 

4.1 Introduction 

Guanine (G)-rich DNA sequences can form four-stranded structures that are called G-

quadruplexes (G4s). These non-canonical DNA structures are over-represented in key regulatory 

regions within the human genome.1 The occurrence of G4s in gene regulatory regions have made 

them an attractive target for drug development to trap quadruplexes in cellular DNA, 

downregulate oncogene transcription, promote telomere disruption, and induce growth arrest in 

cancer cells.2 G4 have significant biological relevance in the regulation of human genes.3–5 They 

are found particularly in the promoter regions of oncogenes including c-MYC, c-KIT, BCL-2, and 

notably in telomeres.6,7  

Recent research revealed that numerous potential G4-forming sequences exist in the human 

genome. They can act as a target for a range of small drug-like molecules but may cause issues 

with a potential drug selectivity problem.4 It has been proposed that the G4 present in NHE III1 in 

the c-MYC gene is crucial for transcriptional silencing 8,9 and G4-stabilizing ligands can potentially 

down-regulate c-MYC transcription.8 Consequently, the c-MYC protein-dependent proliferation 

was inhibited, leading to inhibition of cancer cell growth.10 The design of G4 binding small 

molecule scaffolds has been predominately based on the fundamental principles of having a 

heteropolyaromatic core with a planar conformation to enable binding in G4 grooves and to loops 

Recently, from molecular dynamics (MD) simulation, researchers have suggested that fused 

aromatic ligand stacking on the G-quartet has a positive impact on G-quartet stabilization, and 

helps the overall G4 stabilization.11 On the other hand, crystallographic, NMR structures and MD 

studies of G4 have showed that the G-quartet surface is not completely coplanar and are highly 

dynamic in nature.11,12 Based on these considerations, unfused aromatic ligands with adaptive 

structural feature may be more suitable to be accommodated on the dynamic G-quartet surface 

rather than polycyclic compounds with rigid aromatic rings. Furthermore, this adaptive 

structural feature can prevent ligand from intercalating into the duplex DNA, and is consequently 

important for its strong quadruplex selectivity.  

However, in contrast to fused aromatic compounds, much less is known about how planarity of 

an unfused aromatic ligand influence its G-quadruplex binding properties. In this context natural 

products are a prime source of innovative molecular fragments and are privileged scaffolds for 

drug discovery and development.13 Natural alkaloid  Schizocommunin14 (Figure 68) comprises a 

conjugated system of quinazolinone and isatin moieties15,16, fused indolylmethyleneindanone17 

and SYUIQ-518 have shown significant G4 stabilization potential, they tend to selectively bind to 
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various h-TELO, c-MYC and c-KIT promoter G4s. It is hypothesized that higher selectivity for G4 

over duplex DNA can be achieved by extending the heteropolyaromatic scaffold to increase π-π 

stacking overlap with the larger surface area of a terminal G-quartet.19 The crescent-shaped, 

large, nearly planar chromophore led us to explore a novel scaffold for the design of selective G-

quadruplex ligands. 

To explore new and selective G-quadruplex ligands for cancer chemotherapy,20 we designed and 

synthesized a series of schizocommunin derivatives by attaching cationic amino side chains and 

introducing a fluorine atom into the aromatic chromophore. Fluorine atoms, with high 

electronegativity and small size, often exhibit unique properties in functional molecules.21 The 

electron-withdrawing effect of fluorine could reduce the electron density of the aromatic 

chromophore, which might favor a stronger interaction with the electron-rich π-system of the G-

quartet.22 In addition, the introduction of fluorine atoms into small molecules might improve 

liposolubility and bioavailability. The structure-activity relationships and activity mechanism 

were also investigated. The results revealed that derivatives could selectivity stabilize and bind 

to the telomeric G-quadruplex in vitro and in cells.  

 

Figure 70. Structures of schizocommunin and indolylmethyleneindanone based scaffolds reported in 

literature to achieve topology specific stabilization of c-MYC, c-KIT promoter G-Quadruplexes and h-TELO 

G-quadruplex binding and stabilizing ligands. 
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4.2 Background and applications of azaindole 

Azaindoles, also named as pyrrolopyridines, represent a class of condensed hetero-bicycles that 

are described as valuable targets in drug discovery as indole bioisosteres. Replacing one of the 

carbon atoms at positions 4-7 in the indole template with a nitrogen atom gives the so-called 4-, 

5-, 6-, or 7-azaindoles, respectively, as shown in figure 71.  

 

 

Figure 71.  Indole and azaindole frameworks. 

Structurally, azaindoles consist of two fused heterocycles with opposite electronic features, one 

electron-rich pyrrole and the other electron-deficient pyridine rings, on one heteroaromatic 

skeleton.  

4.2.1 Synthesis methods towards Azaindole 

 

 

Figure 72. Representative synthesis methods toward azaindoles. 
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The conventional synthetic methods towards azaindole are Madelung-type cyclization,23 

Gassman-type cyclization,24  Bartoli-type cyclization,25 intramolecular nitrene C-H insertion 

cyclization,26 ketone amine condensation,27 electrophilic cyclization via a Pictet-Spengler 

reaction,28 and Friedel-Crafts type cyclization followed by dehydration.29 These traditional 

methods suffer from poor yields, limited reaction scope, and harsh reaction conditions; hence, 

very few functional groups are compatible.23 More recently, Pd-catalyzed alkynyl amine 

formation/cyclization,30 Heck reaction,31 Larock-type annulation,32 Ar-Pd-X-mediated cyclization 

of alkynyl amines,33 ring-opening of a spiro pyridone-cyclopropane followed by cross-

couplings,34 and a double Buchwald-Hartwig C-N coupling35 overcome the drawbacks of 

traditional methods owing to the mild reaction conditions and high functional group 

compatibility of Pd chemistry (Fig. 72). However, they still suffer from low yields and the limited 

availability of the appropriate starting materials. Here, we have developed a 4 steps method to 

synthesize 7-azaindole in high yield (80% -85%). Compared with previous methods, the reaction 

conditions of our method are mild, and the reaction steps are less, which is very important for 

mass production in the future. 

 Azaheterocyclic compounds contain nitrogen atom in the ring. They are of vital importance in 

the race to improve our understanding of basic chemistry, which underlies nearly all of the 

important life-processes and a large proportion of transformations leading to and creating the 

increasingly sophisticated products, which enhance our society today. A large numbers of 

Azaheterocyclic compounds are well known and this number is increasing rapidly because they 

hold a special place among pharmaceutically significant natural products and synthetic 

compounds. The chemistry of azaheterocyclic compounds is as logical as that of aliphatic or 

aromatic in character, depending on their electronic constitution. Their study is of great interest 

both from the theoretical as well as practical standpoint. Azaheterocyclic compounds are very 

widely distributed in nature and are essential to life in various ways. Compounds such as 

alkaloids, antibiotics, essential amino acids, vitamins, haemoglobin, hormones and a large 

number of synthetic drugs and dyes contain azaheterocyclic ring systems. Knowledge of 

azaheterocyclic chemistry is useful in biosynthesis as well as in drug metabolism. There are also 

a large number of azaheterocyclic compounds with other important practical applications as 

antioxidants, vulcanization accelerators, copolymers, solvents photographic sensitizer and 

developers, dyestuffs and many are valuable intermediates in synthesis. Azaheterocycles are 

omnipresent extremely in all branches of chemistry and biochemistry as well as in our lives. 
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4.2.2 Anticancer activity 

The uncontrolled growth of cells in the body, started due to certain stimuli, lays the foundation 

of cancer, anticancer drugs either kill cancer cell or modify their growth. Cancer or neoplastic 

disease may be regarded as a family of related disorders. A common feature in different forms of 

cancer is an abnormal and uncontrolled cell division, frequently at a rate greater than that of most 

normal body cells. Among the heterocyclic compounds, five member heterocyclic moieties fused 

with aromatic ring system with nitrogen atom possess wide spectrum of pharmacological 

activity. Heterocycles like indole, azaindoles, pyrimidine, pyridine, quinoline etc. are an integral 

part of huge number of natural and synthetic compounds and play important roles in the 

biological system. For developing the suitable leads for anticancer drugs introduction of 

appropriate substituent’s at C-3 of indole, C-5 of pyrimidine, C-2 of pyridine and quinoline is 

required.   

4.2.3 7-Azaindole – Promising building block for anticancer therapy 

7-Azaindole (Fig. 73) got an increasing interest in the last years for research, because of its 

biological effects. Azaindole derivatives play a huge role as Kinase inhibitors.36  Azaindole 

derivatives were observed to have an effect on cancer cell cycles. So they could probably be used 

as anti-cancer drug where these derivatives can stop the abnormal growth of such cells. With all 

these expected effects, this scaffold was chosen to be the starting material for synthesizing G-

quadruplex stabilizing ligands.  

 

Figure 73. The chemical structure of 7-azaindole, which was used as scaffold in various reactions to obtain 

an anti-cancer, drug. 

4.2.4 Importance of Azaindolin-2-one heterocycle as Cancer therapeutics 

Sunitinib is a new multitargeted oral anti-angiogenic and antitumor drug that has been recently 

approved against gastrointestinal stromal tumors (GIST) and advanced renal cell carcinoma 

(RCC).37 It is in clinical studies for the treatment of other solid tumors, such as pancreatic 

neuroendocrine tumors,38 meningioma,39 metastatic breast cancer40 and non-small cell lung 

cancer.41 Recently, structural modifications mainly at the 3- and 5-positions of the indolin-2-one 
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ring of Sunitinib have made considerable progress in the ability to increase antitumor activity 

through inhibition on different receptors.42 As early lead compounds discovered, Z24 and LK-

B030 (Fig. 74) bearing a (piperidin-1-yl)methyl and a (3-dimethylamino)propyl group at the N-

1 position, respectively, display a broad spectrum of antitumor activity by inhibiting angiogenesis 

in new blood vessels.43 More recently, a series of novel 5-halogenated-7-azaindolin-2-one 

derivatives have been reported and amongst these compounds IMB-1501 to have better in vitro 

activity than Sunitinib against the entire tested cancer cell lines.44 Taken in to consideration the 

importance of 7-azaindolin-2-one as a potential platform for further modification and generation 

of G-quadruplex stabilizing ligands, we planned to explore other possibilities for diversification 

of the 7-azaindolin-2-one group with efficient Knoevenagel condensation to introduce flexible 

side-chain with several heterocycles. Thus, a series of novel substituted 7-azaindolin-2-one 

derivatives were designed, synthesized and evaluated for their antitumor activity in this study. 

Our primary objective was to optimize the potency of these compounds against a set of solid 

tumors and contribute to the development of novel c-MYC promoter G-quadruplex stabilizing 

agents to downregulate c-myc oncogene at transcriptional and translational level. 

 

 

Figure 74. Structures of Sunitinib, Z-24, LK-B030 and IMB-1501 and an azaindole derivative with its acidic 

protons (in red) with the carbonyl as neighbour. 
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4.3 Project objective 

The main objective of this chapter is to generate potent anticancer agents based on Azaindolin-

2-one via Knoevenagel condensation reaction. Azaindolin-2-one scaffold is unexplored and it can 

bind effectively to G4 tetrads and gives us the platform for its derivatization to generate library 

of azaindolin-2-one conjugates to evaluate their binding affinity with c-MYC promoter G-

quadruplex sequences. 

4.4 Results and Discussions 

4.5 Design and Synthesis  

In scheme I, intermediate 5-nitro-1H-indole-3-carbaldehyde (2) is obtained in 60 % yield via 

Vilsmeier-Haack reaction45 with 5-nitro-1H-indole (1) which is a key step to generate conjugate 

11 in quantitative yields with one pot in-situ Knoevenagel condensation reaction of aldehydes 

with substituted azaindolin-2-one in presence of  piperidine as a reducing agent.17 Intermediates 

1-(3-bromopropyl)-5-nitro-1H-indole (3) are generated via a nucleophilic substitution reaction 

of 5-nitro-1H-indole (1) with 1,3-dibromopropane.46 In the next step, 1-(3-bromopropyl)-5-

nitro-1H-indole (3)  is refluxed with pyrrolidine to generate the 5-nitro-1-(3-(pyrrolidin-1-

yl)propyl)-1H-indole (4).47 To afford 5-nitro-1-(3-(pyrrolidin-1-yl)propyl)-1H-indole-3-

carbaldehyde (6)45, intermediate 5-nitro-1-(3-(pyrrolidin-1-yl)propyl)-1H-indole (5) was 

treated with the Vilsmeier reagent.45 

 

 

Scheme I. A) POCl3, Dry DMF, 0 oC - r.t, 0.5 h, 65 %; B) K2CO3, DMF, 1,3-Dibromopropane, r.t, 4 h, 65 %; C) 

Dry ACN , pyrrolidine, reflux, 4 h, 32%; D) POCl3, DMF, 0 oC - r.t, 1 h, 46% 

 

In scheme II, various substituted N-alkyl-α-bromoacetamide (1b-5b) were generated from the 

precursor’s 1a-5a via nucleophilic substitution reaction with 2-bromoacetyl bromide. These 

intermediates (1b-5b) were then allowed to react with malononitrile in the presence of sodium 
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hydride (NaH) as a base in tetrahydrofuran (THF) leads to the formation of enamino γ-lactams 

(1c-5c) in excellent yields of 85-90%.48 Intermediates (1c-5c) were then allowed to undergo 

lewis acid promoted Friedlander condensation reactions with ethyl 3-oxobutanoate in presence 

of 99.9% AlCl3 (lewis acid) to give our desired substituted 2-oxo-2, 3-dihydro-1H-pyrrolo [2, 3-

b] pyridine-5-carboxylate (1d-5d) in 48-52 % yield.49 These intermediates (1d-5d) were then 

allowed to undergo base-catalyzed Knoevenagel condensation reaction with the various 

aldehydes to afford our desired substituted azaindolin-2-one derivatives (6-17) reported in 

scheme II.50,51  
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Scheme II. A) 2-bromoacetyl bromide, DCM, 0 oC - r.t, 1 h, 95 %; B) NaH, THF, 0 oC - r.t, 52%; C) ethyl 3-

oxobutanoate, AlCl3, DCE, 110 oC, reflux, 4 h, 48 -52 %; D) catalytic piperidine, MeOH, reflux, 100 oC, 42-

51% 
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4.6 Reaction mechanism of important transformations: Scheme II 

4.6.1 Nucleophilic addition step to reach intermediates 1-5b 
 

 
 
Figure 75. Representation of mechanism. 

 

4.6.2 From substituted-2-bromoacetamine 1-5b to lactams 1-5c 

 

 

Figure 76. Representation of mechanism. 
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4.6.3 Friedlander reaction mechanism from 5 to 7 

 

 

Figure 77. Representation of mechanism. 
 

Scheme III: To afford substituted azaindolin-2-one derivative (22), Intermediate imidazo[1,5-

a]pyridine-3-carbaldehyde (20) is obtained in 55 % yield via Vilsmeier-Haack reaction45 with 

imidazo[1,5-a]pyridine (18). Followed by bromination of imidazo [1, 5-a] pyridine-3-

carbaldehyde (19) to get 1-bromoimidazo [1, 5-a] pyridine-3-carbaldehyde (20) in 48 % yield 

via electrophilic addition reaction with N-bromosuccinimide (NBS) in dimethylformamide (DMF) 

medium. Intermediate 1-bromoimidazo[1,5-a]pyridine-3-carbaldehyde (20) was then treated 

with substituted boronic acid for Suzuki coupling reaction in presence of 

tetrakis(triphenylphosphine)palladium(0) as a catalyst and cesium carbonate (Cs2CO3) base 

under N2-atm in dry DMF to afford methyl 3-(3-formylimidazo[1,5-a]pyridin-1-yl)benzoate (21) 

in 35 % yield. The substituted azaindolin-2-one (22) was synthesised 42 % yield by base-

catalyzed Knoevenagel condensation reaction of methyl 3-(3-formylimidazo[1,5-a]pyridin-1-

yl)benzoate (21) and ethyl 4-amino-1-(4-fluorobenzyl)-6-methyl-2-oxo-2,3-dihydro-1H-

pyrrolo[2,3-b]pyridine-5-carboxylate (2d). 
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Scheme III. A) POCl3, dry DMF, 0 oC - r.t, 0.5 h, 55 %; B) NBS, dry DMF, N2-atm, r.t, 3-4 h, 48 %; C) CsCO3, 

Pd(PPh3)4, N2-atm, dry DMF, r.t, 3-4 h, 35 %; D) catalytic piperidine, MeOH, reflux, 100 oC, 40% 

 

4.6.4 Vilsmeier-Haak-Reaction for compound 18 to reach compound 19: Scheme III 
 

 

Figure 78. Representation of mechanism  

 

4.6.5 Bromination reaction mechanism for the conversion of 19 to 20 
 

 

 

Figure 79. Representation of mechanism. 
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4.6.6 Knoevenagel condensation mechanism for scheme II and scheme III 

Enamine alkylation step to reach conjugate 15 is depicted in figure 80. 

 

Figure 80. Representation of mechanism. 
 

4.6.7 Palladium (0) catalyzed Suzuki cross coupling reaction mechanism for the 

conversion of 20 to 21 

 

Figure 81. Representation of mechanism. 
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4.7 Knoevenagel condensation: E and Z isomer 

4.7.1 Knoevenagel Condensation reaction 

The Knoevenagel condensation reaction is analogous to the aldol reaction. Under the effect of a 

weak base catalyst, a dehydration condensation of a compound containing active methylene with 

aldehyde or ketone can occur, α, β-unsaturated carbonyl compounds and their analogs are thus 

formed (scheme II and III). Depending on the type of basic catalyst used, there are two possible 

mechanisms. One is that the condensation of aldehydes or ketones with amines to form imines 

which added then with carbanions. Another mechanism (Hann-Lapworth mechanism) is under 

the action of alkali, diethyl malonate and aldol aldehyde through addition reaction to form a, β-

hydroxy dicarbonyl compound as the intermediate, and then water is eliminated to obtain the 

final condensation product as depicted in scheme IV. 

 

Scheme IV: Knoevenagel condensation reaction. 

For the following reactions, reflux conditions were chosen, M. The configuration was checked 

with a NOESY (Nuclear Overhauser Effect Spectroscopy) spectrum of one product. The proximity 

of the olefinic proton towards the NH2 was checked (Fig. 82) 

 

 

 

Figure 82.  The two possible configurations of the products. When it has the Z-configuration, a cross peak 

from the hydrogen in red to the -NH2 would be visible in a NOESY-spectrum.  (R1= H, F, CF3; R2= Pyrrole, 

Azaindole, Indole). 
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Figure 83. A cross peak was observed in the NOESY spectrum, so the products which were synthesized 

with this procedure have the Z-configuration 
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4.8 Intramolecular hydrogen bond in Z-isomer 

The intramolecular hydrogen bond is an important structural factor that can rigidify molecules 

and maintain a large, nearly planar structure, which may allow ligands to effectively stack with 

the G-quartet.52,53 The crescent-shaped, large, nearly planar chromophore led us to explore a 

novel scaffold for the design of selective G quadruplex ligands. In case of Z-isomer, this important 

feature of intramolecular hydrogen bond has been observed (Fig. 84). 

 

Figure 84. Intramolecular hydrogen bond (highlighted in green color) observed in case of Z-isomers 

visualized by Discovery suite studio  

 

4.9 Initial screening of azaindolin-2-one derived conjugates with Fluorescent indicator 

displacement (FID) assays 

The ability of all key azaindolin-2-one derived conjugates generated from scheme II and III were 

then investigated to evaluate by FID assays for c-MYC promoter sequence (Fig. 85 and Table 18) 

. From primary FID screening best azaindolin-2-one derived conjugates (14, 16, 18, 19 and 22) 

were then further investigated for their ability to stabilize the stabilize several G4-forming 

sequences (thiazole-orange labeled c-MYC, c-KIT1, BCL-2 G4-sequences. In this assay, we 

monitored the thiazole displacement ability by increasing concentrations of the ligands. 

Additionally, ligands were tested also towards a double-stranded DNA in order to assess the G4 

vs ds-DNA selectivity. In our findings, we found that azaindolin-2-one derived conjugates (14 and 

16) showed a very strong affinity towards c-MYC G4 DNA with Ki values ranging from 2.0-4.0 µM. 

Most compounds showed the preferential affinity towards human parallel promoter c-MYC G4 

DNA sequences in comparison to other promoter, telomeric G-quadruplex and duplex 

oligonucleotide sequences (Table 19, Fig. 86 & 87). 
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Table 18. List of synthesized fragments screened based on Thiazole Displacement Assays 

 

Hit Best hits Fid affinity Hit Best hits Fid affinity 
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Figure 85. Thiazole displacement potential of the azaindolin-2-one derived G4-ligands. Best ligands are 

highlighted in red color Experimental condition: 0.25 µM DNA, 0.5 µM Thiazole Orange, 10 % DMSO, 20 mM 

Na caco, 140 mM KCl, pH 7 (25 µL/well) 

 

Table 19. Ki values for the most active ligands for G-quadruplex and Duplex DNA  

 

Ki ( µM) 14 16 15 11 22 

c-MYC 2.01 4.96 8.59 8.23 8.12 

c-KIT-1 24.21 27.83 28.85 28.93 28.89 

BCL2 33.37 31.75 43.17 30.43 29.75 

h-Telo- 22 81.39 83.13 81.13 98.74 108.13 

DNA-27 5861.13 5075.12 2088.3 1478.26 2149.66 

 

 

 

 

 

 

 



Novel Azaindolin-2-one derived c-MYC Promoter G-Quadruplex Stabilizers 

 

222 
 

 

 

 

 

 

Figure 86. Ki value plots for the most active ligands for promoter G-Quadruplex sequences c-MYC, c-KIT-1 

based on Thiazole Displacement Assays ; Titration scheme of c-MYC: c(TO) = 0,5 μM; c(cMYC) = 0,5 μM; 

c(DMSO) = 10%; c (Ligand) = 256 μM, 128 μM, 64 μM, 32 μM, 16 μM, 8 μM, 4 μM, 2 μM, 1 μM, 0.5 μM, 0.25 

μM, 0.125 μM, 0.0625 μM; r.t; Titration of c-KIT1: c(TO) = 0,5 μM; c(c-KIT-1)) = 0,25 μM; c(DMSO) = 10%; 

c(Ligand) = 1024 μM , 512 μM, 256 μM, 128 μM, 64 μM, 32 μM, 16 μM, 8 μM, 4 μM, 2 μM, 1 μM, 0,5 μM, 0,25 

μM, 0,125 μM; r.t 

 
 
 
 
  
 
 
 
 
 
 
 
  
  
 
 
 

 

 

Figure 87.  Ki value plots for the most active ligands for promoter G-Quadruplex sequences BCL-2, h-TELO, 

and ds-DNA-27 based on Thiazole Displacement Assays; Titration scheme of BCL-2: c(TO) = 0,5 μM; c(BCL-

2)) = 0,25 μM; c(DMSO) = 10%; c(Ligand) = 1024 μM , 512 μM, 256 μM, 128 μM, 64 μM, 32 μM, 16 μM, 8 

μM, 4 μM, 2 μM, 1 μM, 0,5 μM, 0,25 μM, 0,125 μM; r.t; Titration of h-Telo-DNA: c(TO) = 0,5 μM; h-Telo = 0,5 

μM; c(DMSO) = 10%; c(Ligand) = 5012 μM, 2056 μM, 1028 μM, 604 μM, 302 μM, 106 μM, 80 μM, 40 μM, 20 

μM, 10 μM, 5 μM , 1 μM, 0,5 μM; r.t; Titration of ds-DNA-27: c(TO) = 0,5 μM; (ds-DNA-27) = 0,5 μM; c(DMSO) 

= 10%; 80192 μM, 40096 μM , 20048 μM, 10024 μM, 5012 μM, 2056 μM, 1028 μM, 604 μM, 302 μM, 106 

μM, 20 μM, 10 μM, 5 μM; r.t; Titration of  ds-DNA-24-Bp: c(TO) = 0.5 μM; c(cMYC) = 0.25 μM; c(DMSO) = 

10%; c(Ligand) = 20048 μM, 10024 μM, 5012 μM, 2056 μM, 1028 μM, 604 μM, 302 μM, 106 μM, 80 μM, 40 

μM, 20 μM, 10 μM, 5 μM; r.t 
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4.10 1H-NMR: Ligand binding observed by NMR-spectroscopy 

The interactions of azaindolin-2-one conjugate 14 with c-MYC G4 were further studied by NMR 

spectroscopy. Figure 88a and 88b shows NMR spectra of the DNA-ligand complexes at a ratio of 

1:4 (DNA: ligand). In the spectrum of the DNA alone, signals (indicated by grey boxes) of minor 

conformations of the DNA are well visible. These signals disappear upon addition of ligand, 

indicating the stabilization of the major conformation upon binding. For ligand 14 strong 

chemical shift perturbations and line broadening are observed, further addition of ligand up to a 

ratio of 4:1 [14]:[c-MYC] leads to stronger line broadening, suggesting binding in an intermediate 

exchange. Observation of binding or structural rearrangement of residues in loop and capping 

structures can be achieved by investigation of the aromatic region of the spectra. Signals of A12, 

A22, T1, T20 and A21 are reasonably well resolved to allow the assessment of behavior upon 

binding. As A12 does not shift upon binding the loop does not change its environment upon 

binding. This is different for T1, T20, A21 and A22. These residues located in the capping 

structures are perturbed significantly upon binding indicating rearrangement of the capping 

structures to accommodate the ligands. This rearrangement allowing to accommodate the ligand 

is also seen in the literature for c-MYC,54 as well as for other G4s.55 

 

 

Figure 88a. Imino region of 1D 1H NMR spectrum of the c-MYC with increasing [14]: [DNA] ratio.  

Experimental conditions: 298 K, 600 MHz, 100 μM DNA in 25 mM Tris·HCl (pH 7.4), 100 mM KCl buffer, 

10% d6-DMSO/90% H2O.  
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Figure 88b. Aromatic region of 1H NMR spectrum of the c-MYC with increasing [14]: [DNA] ratio.  

Experimental conditions: 298 K, 600 MHz, 100 μM DNA in 25 mM Tris·HCl (pH 7.4), 100 mM KCl buffer, 

10% d6-DMSO/90% H2O.  

4.11 Cell Cytotoxicity  

Based on all the data from the above experiments, we studied whether the most significant 

triazole derivatives could affect c-MYC transcription in cells. Firstly, promising ligands were 

analyzed in vitro by cell viability assays. HeLa cells were used to perform the cell proliferation 

assay, as they were not only having high levels of c-MYC expression but were also used for similar 

studies.56 As described in the materials and methods, Hela cells were exposed with various 

increasing concentrations (0-50 µM) of the candidate compounds and the 11, 14, 15, and 16 

respectively for noting the effects of defined modifications. The percentage of living cells was 

then  measured with  alamar-Blue  reagent.57 Best-selected hits showed dose-dependent 

cytotoxic effects in HeLa cell line. Dose-response curves, the relative IC50 values, and the 

corresponding linear regression coefficients (R2), for each G4-ligand, are reported. Interestingly, 

conjugate 14 is amongst the most potent in terms IC50 values. Conjugates 14 and 16 were found 

to be the most potent against Hela cervical cancer cells (Fig. 90C & Table 20).  
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Table 20. IC50 values derived for 11, 14, 15 and 16 in HeLa cell line after 72 h treatment. 

 

 G-Quadruplex Ligands 

 11 14 15 16 
 

IC50 (μM)  5.575 
 

2.258 6.520 3.865 
 

 

4.12 Western Blot analysis 

Down-regulation of c-MYC expression in human cancer cells: In order to investigate the effect 

of conjugate 14 and 16 at the translational level, HeLa cells were treated with defined similar 

concentrations of the ligands for 24 hr and monitored. To further investigate the effects of   these 

fragments 5, 7, 9a and 12 along with parent compound 358 at the translational level, HeLa cells 

were treated with defined concentrations of the ligands for 24 h and the expression levels of c-

MYC protein relative to the control cells were obtained using western blotting with an anti-c-MYC 

antibody (Fig. 90 A-B). The protein expressions calculated for ligand treated cells from 

densitometry analysis of western blots were normalized against untreated control cells. In 14 

and 16 treated Hela cells, the c-MYC protein expression was downregulated by 40 % at 3 μM & 

60 % at 10 μM respectively (Fig. 85a & 85b). Quantitative gene expression data are 

often normalized to the expression levels of GAPDH “housekeeping" genes.  

 

 

Figure 90. A) Bar diagram representing fold expression of c-MYC protein expression in HeLa cells  B) 

Western blot analysis for c-MYC gene expression in of 14 and 16 treated HeLa cells (a=3µM and b = 10 µM); 

C) Dose-response and IC50 values derived for best ligand 14 in HeLa cell line after 72 h treatment.  

 

4.13 Cell Cycle Analysis  

In our investigation we found that azaindolin-2-one conjugate 14 is the best G4-ligand in this 

series, which could down-regulate c-MYC transcription and expression in cells, we next evaluated 



Novel Azaindolin-2-one derived c-MYC Promoter G-Quadruplex Stabilizers 

 

226 
 

whether 14 could affect cancer cell proliferation. On exposure to 14 at 2.5 μM concentration, cells 

displayed a prominent G1 phase arrest in flow cytometry (Fig. 91). The G0/G1 cell population 

increased to 73.8 % upon incubation with conjugate 14 for 24 hr at 2.5 μM concentration. The 

observed increase in G0/G1 population suggested that the compounds caused a significant block 

in S/G2-phase progression. Most probably by interfering in DNA unwinding due to ligand-

mediated stabilization of promoter c-MYC G-quadruplexes. The FACS analysis thus suggests that 

upon treatment with conjugate 14, cells undergo G0/G1 arrest with concomitant decrease of 

S/G2-phase population thereby leading to cell death. The above results suggested that conjugate 

14 could inhibit proliferation of cancer cells, which could possibly be related to its binding with 

the c-MYC G4 of the c-MYC promoter and repressing c-MYC oncogene transcription. 

 

Figure 91. Cell cycle analysis of HeLa cells treated with ligand 14 at 2.5 μM concentrations for 24 h. 

4.14 Conclusion 

A new series of azaindolin-2-one derivatives as potential G quadruplex stabilizers have been 

described. The target ligands can be obtained through an efficient, convergent, synthetic route in 

moderate to good yields. In FID assays azaindolin-2-one conjugates (11, 14, 15, 16, and 22) show 

specific binding to the c-MYC promoter G-quadruplex sequences compared to that of the other G-

quadruplex sequences (c-KIT-1, BCL2, h-Telo).The synthesized azaindolin-2-one derivatives 11, 

14, 15, 16, and 22 are selective towards c-MYC G4-DNA vs. duplex-DNA. The planarity of the 

aromatic core and its ability to occupy more surface area by stacking over the G-quartet greatly 

affect the ability of the compounds to stabilize the G-quadruplex. In addition to that, in our 

biophysical and biological evaluation, we found that the indole linked azaindolin-2-one 

derivatives (14 & 16) are more promising than the other heterocycle conjugates. In cell viability 

assays, the indole linked azaindolin-2-one derivatives (14 & 16) has shown potent cell growth 
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inhibitory activity against human carcinoma (cervical) HeLa cell lines. In vitro cellular studies 

confirms that the indole linked azaindolin-2-one conjugates could down-regulate c-

MYC expression in cancer cells via stabilizing its promoter quadruplex structure and have the 

potential to induce cell cycle arrest in G0/G1 phase. NMR analysis suggests that an azaindolin-2-

one conjugate (14) interacts in an intermediate exchange regime with the terminal G-quartets (5’ 

and 3’-end) and strong chemical shift perturbations were observed. Our present results 

increased our understanding of the effect of c-MYC G4 on oncogene transcriptional regulation. 

The present study also suggested that the azaindolin-2-one conjugates 14 could become a 

potential lead compound for further development for cancer treatment with a new target of the 

c-MYC promoter G-Quadruplex. This information can guide the optimization of ligands 14 and 16, 

for increased binding affinity and selectivity toward G-quadruplex structures. 

4.15 Experimental Section 

Chemistry 

All solvents and reagents were purified by standard techniques or used as supplied from 

commercial sources (Sigma-Aldrich Corporation unless stated otherwise). All reactions were 

generally carried out under inert atmosphere unless otherwise noted. TLC was performed on 

Kieselgel 60 F254 plates, and spots were visualized under UV light. Products were purified by 

flash chromatography on silica gel (100-200 mesh). 1H NMR spectra were recorded at 600 MHz 

instruments at 298 K. 13C NMR spectra were recorded on either 151 MHz with complete proton 

decoupling. Chemical shifts are reported in parts per million (ppm) and are referred to the 

residual solvent peak. The following notations are used: singlet (s); doublet (d); triplet (t); 

quartet (q); multiplet (m); broad (br). Coupling constants are quoted in Hertz and are denoted as 

J. Mass spectra were recorded on a Micromass Q-Tof (ESI) spectrometer.  

General Procedure for the Synthesis of substituted-(benzylamino)-3-bromopropan-2-one 

(1b, 2b, 3b, 4b and 5b): 2-bromoacetyl bromide (1.40 ml, 16.1 mmol and 1.0 eq) was added 

dropwise to a solution of substituted-phenylmethanamine (2.30 ml, 21.1 mmol, and 1.0 eq) in 

DCM (10 mL) at 0 °C. The mixture was allowed to warm up to room temperature and stirred for 

another 2 h. After completion of the reaction (TLC showed no starting material), the reaction was 

quenched with H2O (5 mL). The precipitate was filtered off, the organic phase was washed with 

H2O, dried over Na2SO4   and evaporated to afford the product as white solid. 

General Procedure for the Synthesis of Substituted N-alkyl-α-bromoacetamide (1c, 2c, 3c, 

4c and 5c): Malononitrile (3.47 g, 52.5 mmol, 2.5 eq.) was added in small fraction to a suspension 
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of NaH (1.22 g, 50.8 mmol, and 2.5 eq.) in THF (40 mL) at 0 °C. The mixture was allowed to warm 

up to room temperature and stirred for 30 minutes. After addition of substituted-(benzylamino)-

3-bromopropan-2-one (4.80 g, 21.0 mmol, 1.0 eq.), the mixture was allowed to stirred overnight 

at room temperature. After completion of the reaction, the reaction was quenched with 

ammonium chloride aqueous solution (40 ml) and extracted with ethyl acetate for two times. The 

organic phase was combined, dried over Na2SO4 and concentrated under reduced pressure. The 

residue was purified by column chromatography to give product as white solid. 

General Procedure for the Synthesis of ethyl 1-benzyl-6-methyl-2-oxo-2,3-dihydro-1H-

pyrrolo[2,3-b]pyridine-5-carboxylate (1d, 2d, 3d, 4d and 5d): Ethyl 3-oxobutanoate (1.60 ml, 

12.5 mmol, 2.2 eq.) was added to a suspension of aluminium trichloride (1.50 g, 11.2 mmol, 2.2 

eq.) in 1,2-dichloroethane. The mixture was reflux at 110 °C for 5 h. 2-amino-1-benzyl-5-oxo-4,5-

dihydro-1H-pyrrole-3-carbonitrile (1.20 g, 5.60 mmol) was added to the above reaction mixture 

and stirred at this temperature for 5 h. The reaction was quenched by adding an ammonium 

chloride aqueous solution (40 mL) with ice cooling and then extracted with ethyl acetate. The 

organic phase was washed with brine and dried over Na2SO4. The solvent was concentrated 

under reduced pressure to give a white solid. 

General Procedure for the Synthesis of Knoevenagel condensation products  (6, 7, 8, 9, 

10,11, 12, 13, 14, 15, 16, 17 and 22) One equivalent of azaindolin-2-one precursor (1d, 2d, 3d) 

for Knoevenagel condensation reaction was dissolve in MeOH, a catalytic amount of piperidine 

was added in to the reaction mixture and was allow to stir for 30 min. Then 1 equivalent of 

substituted aldehydes was slowly added to the reaction mixture. The reaction mixture was 

heated to reflux for 2 h. The reaction mixture was then allowed to cool to the room temperature 

and   was then quenched by adding an ammonium chloride aqueous solution (40 mL) with ice 

cooling and then extracted with ethyl acetate. The organic phase was washed with brine and 

dried over Na2SO4. The solvent was concentrated under reduced pressure to get Knoevenagel 

condensation product.  

Procedure for the synthesis of imidazo [1,5-a]pyridine-3-carbaldehyde (19): To a stirring 

dry DMF (3 mL) about 2 mL of POCl3 were added in dropwise manner. Afterwards reaction was 

allowed to stir at room temperature for 30 min followed with addition of Imidazo [1,5-a]pyridine 

(3, 0.500 g, 4.23 mmol, 1 eq) in 5 mL of DME dropwise manner. The reaction was kept at room 

temperature under N2-atmosphere for 2 h. The reaction mixture was quenched with ice water 

and then neutralized with 1 N NaOH to pH 8-9. The organic layer was extracted with ethyl acetate 
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and dried with MgSO4. The rotary evaporator was used to concentrate the product with under 

reduced pressure. After silica gel column chromatography, the product was obtained. As eluent 

the mixture of ethyl acetate/ cyclohexene was used. 

Procedure for the synthesis of 1-bromoimidazo [1,5-a]pyridine-3-carbaldehyde (20): 

Under nitrogen atmosphere at room temperature (0.151 g, 0.846 mmol, 1 eq) N-

Bromosuccinimide was added to a solution of imidazo[1,5-a]pyridine-3-carbaldehyde (0.151 g, 

0.846 mmol, 1 eq) in 20 ml dry DMF.  The reaction mixture was then allowed to stir at room 

temperature for 3-4 hr. The reaction mixture was further quenched with ice cold water. The solid 

obtained was then filtered and rinsed with water and dried overnight under reduced pressured. 

The product was further purified by column chromatography (EA: Cyclohexene 1:1). 

Procedure for the synthesis of methyl 3-(3formylimidazol[1,5-a]pyridine-1-yl)benzoate 

(21): Under nitrogen atmosphere 60 mg (0.33 mmol, 1.5 eq) of (3-

(methoxycarbonyl)phenyl)boronic acid, 50 mg (0.22 mmol, 1 eq) of  1-bromoimidazo[1,5-

a]pyridine-3-carbaldehyde, 181 mg (0.557 mmol, 2.5 eq) of Cs2CO3 and 20 mg (0,017 mmol, 5 %) 

of tetrakis(triphenylphosphine)palladium(0) were dissolved in 2 ml distilled water and 20 

ml dioxane. The reaction mixture was allowed refluxed for 4 h under inert atmosphere. The 

reaction was quenched by adding an ammonium chloride aqueous solution (40 mL) with ice 

cooling and then extracted with ethyl acetate. The organic phase was washed with brine and 

dried over Na2SO4. The dried organic phase was concentrated under reduced pressure to give a 

white solid.. The crude product was then further purified by column (ethylene acetate/ 

cyclohexene). 

Spectral information for scheme I is mentioned in Chapter II 

N-benzyl-2-bromoacetamide (1b): White solid (Crude) used directly in the next step; 1H NMR 

(600 MHz, DMSO-d6) δ [ppm] 8.81 (s, 1H), 7.44 (dt, J = 10.7, 5.1 Hz, 2H), 7.32 (d, J = 7.3 Hz, 2H), 

7.27 (s, 1H), 4.29 (d, J = 5.9 Hz, 2H), 3.92 (s, 2H); 13C NMR (151 MHz, DMSO-d6) δ [ppm] 166.1, 

138.8, 134.0, 128.9, 128.6, 128.5, 128.3, 127.3, 126.9, 42.5, 29.5. 

2-bromo-N-(4-fluorobenzyl)acetamide (2b): White solid (Crude) used directly in the next 

step;   1H NMR (600 MHz, DMSO-d6) δ [ppm] 8.79 (s, 1H), 7.29 (d, J = 5.7 Hz, 2H), 7.16 (t, J = 8.5 

Hz, 2H), 4.27 (d, J = 5.5 Hz, 2H), 3.90 (s, 2H);13C NMR (151 MHz, DMSO-d6) δ [ppm]  166.1, 135.1, 

135.0, 129.3, 129.2, 115.2, 114.9, 41.8, 29.4. 
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2-bromo-N-(4-(trifluoromethyl) benzyl) acetamide (3b): White solid (Crude) used directly 

in the next step;   1H NMR (600 MHz, DMSO-d6) δ [ppm]  8.90 (s, 1H), 7.70 (d, J = 7.9 Hz, 2H), 7.48 

(d, J = 7.9 Hz, 2H), 4.39 (d, J = 5.7 Hz, 2H), 3.93 (s, 2H); 13C NMR (151 MHz, DMSO-d6) δ [ppm] 

166.3, 143.8, 127.9, 125.3, 125.3, 125.2, 125.2, 125.2, 42.1, 29.3. 

2-bromo-N-(3,4,5-trimethoxybenzyl)acetamide (4b): White solid (Crude) used directly in the 

next step;   1H NMR (600 MHz, DMSO-d6) δ [ppm]  6.70 (s, 2H), 6.57 (s, 1H), 4.74 (s, 2H), 3.73 (s, 

6H), 3.63 (s, 3H), 3.93 (s, 2H);13C NMR (151 MHz, DMSO-d6) δ [ppm] 174.30, 167.39, 187.94, 

156.98, 136.75, 132.53, 105.13, 60.50, 59.30, 55.70, 32.7. 

2-bromo-N-(4-methoxybenzyl)acetamide (5b):  White solid (Crude) used directly in the next 

step;   1H NMR (600 MHz, DMSO-d6) δ [ppm]  8.70 (s, 1H), 7.21 (t, J = 8.8 Hz, 2H), 6.95 – 6.84 (m, 

2H), 4.23 (d, J = 5.9 Hz, 2H), 3.90 (s, 2H), 3.75 (s, 3H); 13C NMR (151 MHz, DMSO-d6) δ [ppm] 

174.30, 167.39, 187.94, 156.98, 136.75, 132.53, 105.13, 60.50, 59.30, 55.70, 32.7. 

2-amino-1-benzyl-5-oxo-4,5-dihydro-1H-pyrrole-3-carbonitrile (1c): Orange solid (Crude) 

used directly in the next step;  1H NMR (600 MHz, DMSO-d6) δ [ppm]  7.71 (d, J = 8.1 Hz, 2H), 7.42 

(d, J = 8.0 Hz, 2H), 7.27 (s, 2H), 4.84 (s, 2H), 3.30 (s, 2H);13C NMR (101 MHz, DMSO-d6) δ [ppm] 

173.9, 157.5, 141.3, 127.6, 125.4, 125.4, 125.3, 123.3, 119.1, 47.3, 41.4, 34.3, 8.4. 

2-amino-1-(4-fluorobenzyl)-5-oxo-4,5-dihydro-1H-pyrrole-3-carbonitrile (2c): Orange 

solid (Crude) used directly in the next step; 1H NMR (600 MHz, DMSO-d6) δ [ppm]  7.27 (dd, J = 

8.5, 5.6 Hz, 2H), 7.24 (s, 2H), 7.16 (t, J = 8.9 Hz, 2H), 4.71 (s, 2H), 3.27 (s, 2H); 13C NMR (151 MHz, 

DMSO-d6) δ [ppm] 173.9, 157.6, 132.7, 129.1, 119.2, 115.3, 115.1, 47.2, 41.0, 34.3, 8.4. 

2-amino-5-oxo-1-(4-(trifluoromethyl)benzyl)-4,5-dihydro-1H-pyrrole-3-carbonitrile 

(3c): Orange solid (Crude) used directly in the next step;  1H NMR (600 MHz, DMSO-d6) δ [ppm] 

7.71 (d, J = 8.1 Hz, 2H), 7.42 (d, J = 8.0 Hz, 2H), 7.27 (s, 2H), 4.84 (s, 2H), 3.30 (s, 2H);13C NMR (151 

MHz, DMSO-d6) δ [ppm] 173.9, 157.5, 141.3, 127.6, 125.4, 125.4, 125.3, 123.3, 119.1, 47.3, 41.4, 

34.3, 8.4. 

2-amino-5-oxo-1-(3,4,5-trimethoxybenzyl)-4,5-dihydro-1H-pyrrole-3-carbonitrile(4c): 

Orange solid (Crude) used directly in the next step; 1H NMR (600 MHz, DMSO-d6) δ [ppm]  7.23 

(s, 2H), 7.19 (t, J = 5.8 Hz, 2H), 6.92 – 6.84 (m, 2H), 4.68 (s, 2H), 3.74 (s, 3H), 3.26 (s, 2H); 13C NMR 

(151 MHz, DMSO-d6) δ [ppm] 174.05, 158.64, 157.45, 130.61, 128.54, 118.97, 113.77, 54.83, 

46.68, 34.35, 8.67. 
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2-amino-1-(4-methoxybenzyl)-5-oxo-4,5-dihydro-1H-pyrrole-3-carbonitrile (5c): Orange 

solid (Crude) used directly in the next step; 1H NMR (600 MHz, DMSO-d6) δ [ppm] 7.21 (s, 2H), 

6.60 (d, J = 8.5 Hz, 2H), 4.65 (d, J = 7.1 Hz, 2H), 4.45 (d, J = 6.1 Hz, 2H), 3.75 (s, 6H), 3.65 (s, 3H); 

13C NMR (151 MHz, DMSO-d6) δ [ppm]  173.84, 157.46, 152.67, 137.00, 132.00, 118.98, 112.21, 

104.89, 59.63, 47.02, 41.84, 34.37, 8.63. 

Ethyl 4-amino-1-benzyl-6-methyl-2-oxo-2,3-dihydro-1H-pyrrolo[2,3-b]pyridine-5-

carboxylate (1d): White solid (Crude) used directly in the next step; 1H NMR (600 MHz, DMSO-

d6) δ [ppm] 7.27-7.39 (m, 5H), 6.58 (s br, 2H), 4.27 (q, J= 7.1 Hz, 2H,), 3.43 (s, 2H), 2.47 (s, 3H), 

1.31 (t, J= 7.1 Hz, 3H) ; 13C NMR (151 MHz, DMSO-d6) δ [ppm] 174.4, 173.9, 149.4, 137.3, 137.5, 

136.5, 128.4, 128.3, 127.4, 127.2, 127.1, 126.8, 97.4, 60.5, 41.6, 34.3, 32.9, 25.6, 14.0. 

ethyl 4-amino-1-(4-fluorobenzyl)-6-methyl-2-oxo-2,3-dihydro-1H-pyrrolo[2,3-

b]pyridine-5-carboxylate (2d): White solid (Crude) used directly in the next step; 1H NMR (600 

MHz, DMSO-d6) δ [ppm] 7.35 δ [ppm] (dd, J = 8.3, 5.8 Hz, 2H), 7.12 (t, J = 8.9 Hz, 2H), 6.62 (s, 1H), 

4.80 (s, 2H), 4.29 (q, J = 7.1 Hz, 2H), 3.43 (d, J = 12.8 Hz, 2H), 2.47 (s, 3H), 1.30 (t, J = 7.1 Hz, 3H);13C 

NMR (151 MHz, DMSO-d6) δ [ppm] 174.4, 167.6, 162.1, 160.5, 156.7, 149.4, 133.4, 129.6,129.5, 

115.1, 115.0, 106.9, 97.4, 60.5, 41.0, 33.0, 25.4, 14.0. 

ethyl 4-amino-6-methyl-2-oxo-1-(4-(trifluoromethyl)benzyl)-2,3-dihydro-1H-

pyrrolo[2,3-b]pyridine-5-carboxylate (3d): White solid (Crude) used directly in the next step; 

1H NMR (600 MHz, DMSO-d6) δ [ppm] 7.66 (d, J = 8.1 Hz, 2H), 7.50 (d, J = 8.0 Hz, 2H), 6.60 (s, 2H), 

4.90 (s, 2H), 4.29 (q, J = 7.1 Hz, 2H), 3.45 (s, 2H), 2.45 (s, 3H), 1.29 (s, 3H);13C NMR (151 MHz, 

DMSO-d6) δ [ppm] 174.5, 167.7, 158.4, 156.8, 149.4, 142.0, 128.1, 125.3, 123.3, 106.9, 97.5, 60.4, 

49.6, 41.2, 33.0, 30.0, 25.6, 14.0. 

ethyl 4-amino-6-methyl-2-oxo-1-(3,4,5-trimethoxybenzyl)-2,3-dihydro-1H-pyrrolo[2,3-

b]pyridine-5-carboxylate (4d) :White solid (Crude) used directly in the next step; 1H NMR (600 

MHz, DMSO-d6) δ [ppm] 6.69 (d, J = 11.6 Hz, 2H), 6.58 (bs, 2H), 4.74 (s, 2H), 4.31 (q, J = 7.1 Hz, 

2H), 3.72 (d, J = 7.0 Hz, 6H), 3.66 – 3.59 (m, 3H), 3.43 (s, 3H), 1.32 (t, J = 7.1 Hz, 2H);13C NMR (151 

MHz, DMSO-d6) δ [ppm] 174.5, 167.7, 158.4, 156.8, 149.4, 142.0, 128.1, 125.3, 123.3, 106.9, 97.5, 

60.4, 49.6, 41.2, 33.0, 30.0, 25.6, 14.0. 

ethyl 4-amino-1-(4-methoxybenzyl)-6-methyl-2-oxo-2,3-dihydro-1H-pyrrolo[2,3-

b]pyridine-5-carboxylate (5d): White solid (Crude) used directly in the next step; 1H NMR (600 

MHz, DMSO-d6) δ [ppm] 7.46 (d, J = 7.7 Hz, 2H), 6.83 (d, J = 8.0 Hz, 2H), 5.74 (s, 2H), 4.92 (s, 2H), 
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4.38 (d, J = 6.9 Hz, 2H), 3.78 (s, 3H), 3.29 (s, 2H), 2.72 (s, 3H), 1.42 (t, J = 6.8 Hz, 3H);13C NMR (151 

MHz, DMSO-d6) δ [ppm] 174.5, 167.7, 158.4, 156.8, 149.4, 142.0, 128.1, 125.3, 123.3, 106.9, 97.5, 

60.4, 49.6, 41.2, 33.0, 30.0, 25.6, 14.0. 

(Z)-ethyl 3-((1H-indol-3-yl)methylene)-4-amino-1-benzyl-6-methyl-2-oxo-2,3-dihydro-

1H-pyrrolo[2,3-b]pyridine-5-carboxylate (6): Crude product further purified with DCM: 

MeOH (9:1) over silica gel column. Yield 46 %, yellow solid; Rf  (eluent MeOH/DCM 1:3) 0.33; Mp 

112 - 114 °C. 1H NMR (600 MHz, DMSO-d6) δ [ppm] 11.23 (s br, 1H), 9.08 (d, J= 4 Hz, 1H), 7.62 

(d, J= 8 Hz, 1H), 7.17-7.10 (m, 5H), 7.08-6.88 (m, 6H), 4.87 (s, 2H), 4.08 (q, J= 8 Hz, 2H), 2.37 

(s, 3H), 1.09 (t, J= 8 Hz, 3H); m/z 452.76 [M+H] 

(Z)-Ethyl-4-amino-1-benzyl-6-methyl-3-((5-nitro-1H-indol-3-yl)methylene)-2-oxo-2,3-

dihydro-1H-pyrrolo[2,3-b]pyridine-5-carboxylate (7): Crude product further purified with 

DCM: MeOH (9:1) over silica gel column. Yield 56 %, yellow solid; Rf (eluent MeOH/DCM 1:3) 

0.26; Mp 102 - 104 °C. 1H-NMR (600 MHz, CDCl3) δ [ppm] 9.32 (s, 1H), 8.80 (s, 1H), 7.98-7.92 

(dd, J= 12 Hz, 1H), 7.71 (s, 1H), 7.34-7.26 (m, 2H), 7.09-7.03 (m, 5H), 6.60 (s br, 2H), 4.93 (s, 2H), 

4.23 (q, J= 6 Hz, 2H), 2.39 (s, 3H), 1.25 (t, J= 6 Hz, 3H); m/z calculated for C27H23N5O5: 497.32, 

found: 498.04  

(Z)-ethyl 3-((1H-pyrrolo[2,3-b]pyridin-3-yl)methylene)-4-amino-1-benzyl-6-methyl-2-

oxo-2,3-dihydro-1H-pyrrolo[2,3-b]pyridine-5-carboxylate (8): Crude product further 

purified with DCM: MeOH (9:1) over silica gel column. Yield 26 %, greenish yellow solid; Rf 

(eluent MeOH/DCM 1:3) 0.33; Mp 122-124 °C. 1H-NMR (600 MHz, CDCl3) δ [ppm]  9.28 (s, 1H), 

8.27 (s, 1H), 8.16 (dd, J= 18 Hz, 2H), 7.92 (d, J= 6 Hz, 1H), 7.82 (d, J = 24 Hz, 1H), 7.08-7.05 

(m, 5H), 7.01 (m, 2H), 4.99 (s, 2H), 4.19 (q, J= 6 Hz, 2H), 2.50 (s, 3H), 1.20 (t, J= 6 Hz, 3H); HRMS 

(ESI): m/z calculated for C26H23N5O3: 453.31, found: 454.07  

(Z)-ethyl 4-amino-1-benzyl-3-(4-(dimethylamino)benzylidene)-6-methyl-2-oxo-2,3-

dihydro-1H-pyrrolo[2,3-b]pyridine-5-carboxylate (9): Crude product further purified with 

DCM:MeOH (9:1) over silica gel column. Yield 16 %, white solid; Rf (eluent MeOH/DCM 1:3) 0.31; 

Mp 132 - 134 °C.  1H-NMR:  (600 MHz, CDCl3) δ 9.32 (s, 1H), 8.13 (d, J= 12 Hz, 1H), 7.85 (s, 1H), 

7.53 (d, J= 6 Hz, 2H), 7.31-7.7.28 (m, 3H), 7.20-7.19 (m, 3H), 6.72 (d, J= 6 Hz, 2H), 5.09 (s, 2H), 

4.36 (q, J= 6 Hz, 2H), 3.05 (s, 6H), 2.71 (s, 3H),1.40 (t, J= 6 Hz, 3H); 13C-NMR (150 MHz, CDCl3) 

δ 137.64, 133.21, 128.83, 128.49, 111.34, 60.90, 45.58, 40.20, 31.02, 14.41; m/z calculated for 

C27H28N4O3: 456.31, found: 457.10  
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(Z)-ethyl 4-amino-3-(benzo[d][1,3]dioxol-5-ylmethylene)-1-benzyl-6-methyl-2-oxo-2,3-

dihydro-1H-pyrrolo[2,3-b]pyridine-5-carboxylate (10): Crude product further purified with 

DCM: MeOH (9:1) over silica gel column. Yield 46 %, yellow solid; Rf (eluent MeOH/DCM 1:3) 

0.23; Mp  92-94 °C.  1H-NMR (600 MHz, DMSO-d6) δ [ppm] 7.96 (d, J= 1.75 Hz, 1H), 7.81 (s, 1H), 

7.56-7.52 (m, 2H), 7.30 (s,  2H), 6.90-6.71 (m, 5H), 6.05 (s, 2H), 5.17 (s, 2H), 4.36 (q, J= 7.5 Hz, 

2H), 2.76 (s,3H), 1.40 (t, J= 7.5 Hz, 3H); 13C-NMR (150 MHz, DMSO-d6) δ [ppm] 137.32, 128.39, 

127.42, 110.85, 107.80, 101.52, 60.80, 25.52, 13.92; HRMS (ESI): m/z calculated for C26H23N3O5: 

457.99, found: 458.06   

(Z)-ethyl 4-amino-1-(4-fluorobenzyl)-6-methyl-3-((5-nitro-1H-indol-3-yl)methylene)-2-

oxo-2,3-dihydro-1H-pyrrolo[2,3-b]pyridine-5-carboxylate (11): Crude product further 

purified with DCM: MeOH (9:1) over silica gel column. Yield 46 %, yellow solid; Rf (eluent 

MeOH/DCM 1:3) 0.23; Mp 108 - 110 °C.  1H NMR (600 MHz, DMSO-d6) δ [ppm] 12.6 (br, 1H), 9.44 

(s, 1H), 9.170 (s, 1H), 8.16-8.18 (d, J = 8.1 Hz,1H), 8.01 (s, 1H), 7.84-7.86 (d, J = 8.1 Hz, 1H), 7.38-

7.42 (t, J = 8.2 Hz, 2H), 7.12-7.16 (t, J = 7.8 Hz, 2H), 7.07 (S, 2H), 5.01 (s, 2H), 4.36 (q, J= 7.5 Hz, 

2H), 2.76 (s, 3H), 1.40 (t, J= 7.5 Hz, 3H); HRMS (ESI): m/z calculated for C27H22FN5O5: 515.16, 

found: [M+H]+ 516.16 

(Z)-ethyl 3-((1H-pyrrolo[2,3-b]pyridin-3-yl)methylene)-4-amino-1-(4-fluorobenzyl)-6-

methyl-2-oxo-2,3-dihydro-1H-pyrrolo[2,3-b]pyridine-5-carboxylate (12): Crude product 

further purified with DCM: MeOH (9:1) over silica gel column. Yield 26 %, yellow solid; Rf (eluent 

MeOH/DCM 1:3) 0.23; Mp 106 - 108 °C.  1H NMR (600 MHz, DMSO-d6)  δ [ppm] 12.6 (br, 1H) 9.40 

(s, 1H), 8.57 – 8.46 (m, 1H), 8.36 (d, J = 3.2 Hz, 1H), 7.96 (s, 1H), 7.41 (s, 2H), 7.29 (s, 1H), 7.15 (t, 

J = 8.4 Hz, 2H), 6.95 (s, 2H), 5.01 (s, 2H), 4.49 – 4.26 (m, 2H), 3.26 (s, 3H), 1.36 (t, J = 6.8 Hz, 3H); 

HRMS (ESI): m/z calculated for C26H22FN5O3: 471.16, found: [M+H]+ 472.51 

(Z)-Ethyl-3-((1H-pyrrol-2-yl)methylene)-4-amino-1-(4-fluorobenzyl)-6-methyl-2-oxo-

2,3-dihydro-1H-pyrrolo[2,3-b]pyridine-5-carboxylate (13): Crude product further purified 

with DCM: MeOH (9:1) over silica gel column. Yield 35 %, yellow solid; Rf (eluent MeOH/DCM 

1:3) 0.23; Mp 71-72 °C. 1H-NMR  (600 MHz, CDCl3) δ [ppm] 13.36 (s, 1H), 7.59 (dd, J= 6 Hz,2H), 

7.39 (s, 1H), 7.37 (s,1H), 7.10 (dd, J= 6 Hz, 2H), 6.83 (s, 1H), 6.49 (d, J= 6 Hz, 1H), 6.34 (s, 2H), 5.21 

(s, 2H), 4.53 (q, J= 6 Hz, 2H), 2.83 (s, 3H), 1.55 (t, J= 6 Hz, 3H); 13C-NMR (150 MHz, CDCl3) 

δ [ppm] 133.08, 130.40, 130.35, 126.55, 125.20, 115.52, 111.81, 61.14, 41.89, 27.14, 14.42; HRMS 

(ESI): m/z calculated for C23H21N4O3F: 420.26, found: 421.05   
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 (Z)-ethyl 4-amino-1-(4-fluorobenzyl)-6-methyl-3-((5-nitro-1-(3-(pyrrolidin-1-

yl)propyl)-1H-indol-3-yl)methylene)-2-oxo-2,3-dihydro-1H-pyrrolo[2,3-b]pyridine-5-

carboxylate (14):   Crude product further purified with DCM: MeOH (9:1) over silica gel column. 

Yield 23 %, yellow solid; Rf (eluent MeOH/DCM 1:3) 0.23; Mp 12 - 114 °C. 1H NMR (600 MHz, 

DMSO-d6) δ [ppm] 9.44 (s, 1H), 9.170 (s, 1H), 8.16-8.18 (d, J = 8.1 Hz,1H), 8.01 (s, 1H), 7.84-7.86 

(d, J = 8.1 Hz, 1H), 7.38-7.42 (t, J = 8.2 Hz, 2H), 7.12-7.16 (t, J = 7.8 Hz, 2H), 7.07 (S, 2H), 5.01 (s, 

2H), 4.45-4.49 (t, 2H, J = 8.0 Hz), 4.33-4.39 (m,3H), 2.45-2.42 (m, 6H), 1.99 -2.02 (m, 2H), 1.71 (br, 

4H), 1.35-1.37 (m, 3H, ),1.25-1.27 (m, 2H); 13C NMR (151 MHz, DMSO-d6) δ [ppm] 175.16, 173.16, 

168.06, 166.05, 160.57,  156.99, 153.49, 147.87, 141.87, 138.72, 138.55, 133.69, 129.46, 125.91, 

119.64, 117.59, 116.47, 115.08, 112.29, 111.08, 108.02, 98.02, 60.55, 53.08, 51.86, 44.33, 40.83, 

28.53, 25.35, 23.05, 13.08; HRMS (ESI): m/z calculated for C34H35FN6O5: ESI: [M+H]+ peak 627 

(Z)-ethyl 1-(4-fluorobenzyl)-3-(imidazo[1,5-a]pyridin-3-ylmethylene)-6-methyl-2-oxo-

2,3-dihydro-1H-pyrrolo[2,3-b]pyridine-5-carboxylate (15): Crude product further purified 

with DCM: MeOH (9:1) over silica gel column. Yield 41 %, yellow solid; Rf (eluent MeOH/DCM 

1:3) 0.23; Mp 102 - 104 °C.  1H NMR (600 MHz, DMSO-d6):  δ [ppm] 10.16 (s, 1H), 8.36 (d, J = 9.0 

Hz, 1H), 8.22 – 8.16 (m, 1H), 7.99 – 7.62 (m, 2H), 7.38 – 7.27 (m, 2H), 7.24 – 7.10 (m, 2H), 6.88 – 

6.71 (m, 2H), 6.22 (dd, J = 12.9, 6.2 Hz, 1H), 4.12 (q, J = 7.1 Hz, 2H), 3.61 (s, 2H), 2.04 (s, 3H), 1.26 

(t, J = 7.1 Hz, 3H); HRMS (ESI): m/z calculated for C26H21FN4O3: MS (MALDI+) m/z = 457.17794 

[M+H]+ 

(Z)-ethyl4-amino-6-methyl-3-((5-nitro-1-(3-(pyrrolidin-1-yl)propyl)-1H-indol-3-

yl)methylene)-2-oxo-1-(4-(trifluoromethyl)benzyl)-2,3-dihydro-1H-pyrrolo[2,3-

b]pyridine-5-carboxylate (16): Crude product further purified with DCM: MeOH (9:1) over 

silica gel column. Yield 66 %, yellow solid; Rf (eluent MeOH/DCM 1:3) 0.23; Mp 122-124 °C.  1H 

NMR (600 MHz, DMSO-d6) δ [ppm] 9.44 (s, 1H), 9.170 (s, 1H),8.16-8.18 (d, J = 8.1 Hz,1H, Aromatic 

H), 8.01 (s, 1H, Aromatic H), 7.84-7.86 (d, J = 8.1 Hz, 1H-Aromatic), 7.38-7.42 (t, J = 8.2 Hz, 2H, 

Aromatic H), 7.12-7.16 (t, J = 7.8 Hz, 2H, Aromatic), 7.07 (S, 2H), 5.01 (s, 2H), 4.45-4.49 (t, 2H, J = 

8.0 Hz), 4.33-4.39 (m,3H), 2.45-2.42 (m, 6H), 1.99 -2.02 (m, 2H), 1.71 (br, 4H), 1.35-1.37 (m, 3H, 

),1.25-1.27 (m, 2H),  1.06-1.08 (m, 1H); 13C NMR (151 MHz, DMSO-d6) δ [ppm] 175.16, 173.16, 

168.06, 166.05, 160.57,  156.99, 153.49, 147.87, 141.87, 138.72, 138.55, 133.69, 129.46, 125.91, 

119.64, 117.59, 116.47, 115.08, 112.29, 111.08, 108.02, 98.02, 60.55, 53.08, 51.86, 44.33, 40.83, 

28.53, 25.35, 23.05, 13.08; HRMS (ESI): m/z calculated for C34H35FN6O5: ESI: M+H peak 627 
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(Z)-ethyl 3-((1H-pyrrol-2-yl)methylene)-4-amino-6-methyl-2-oxo-1-(4-

(trifluoromethyl)benzyl)-2,3-dihydro-1H-pyrrolo[2,3-b]pyridine-5-carboxylate (17): 

Crude product further purified with DCM: MeOH (9:1) over silica gel column. Yield 66 %, yellow 

solid; Rf (eluent MeOH/DCM 1:3) 0.39; Mp 86-88 °C. 1H-NMR (600 MHz, CDCl3) δ [ppm] 13.19 

(s, 1H), 7.56 (s, 5H), 7.14 (s, 1H), 6.73 (s, 1H), 6.38 (d, J= 6 Hz, 2H), 6.24 (s, 2H), 5.19 (s, 2H), 4.41 

(q, J= 6 Hz, 2H), 2.69 (s, 3H), 1.43 (t, J= 6 Hz, 3H); 13C-NMR (150 MHz, CDCl3) δ [ppm] 133.08, 

130.40, 130.35, 126.55, 125.20, 115.52, 111.81, 61.14, 41.89, 27.14, 14.42 ppm; HRMS (ESI): m/z 

calculated for C24H21N4O3F3: 470.28, found: 470.99   

imidazo[1,5-a]pyridine-3-carbaldehyde (19): Crude product further purified with DCM: 

MeOH (9:1) over silica gel column. Yield 66 %, yellow solid; Rf (eluent MeOH/DCM 1:3) 0.53; Mp 

82-84 °C. 1H NMR (600 MHz, DMSO-d6) δ [ppm]  9.97 (s, 1H), 8.66 - 8.62 (td, J = 8.6 Hz, 1H), 8.56 

(s, 1H), 8.15 - 8.11 (qd, J = 8.2 Hz, 1H), 7.46 – 7.39 (dq, J = 7.4 Hz, 1H), 7.12 – 7.06 (td, J = 7.1 Hz, 

1H); 13C NMR (151 MHz, DMSO-d6) δ [ppm] 183.6, 15.6, 139.4, 126.2, 123.0, 119.4, 118.8, 114.6; 

HRMS (ESI): m/z calculated for C8H6N2O: ESI: 147.06 [M+H]+ 

1-bromoimidazo[1,5-a]pyridine-3-carbaldehyde (20): Crude product further purified with 

DCM: MeOH (9:1) over silica gel column. Yield 66 %, yellow solid; Rf (eluent MeOH/DCM 1:3) 

0.43; Mp 92-94 °C. 1H NMR (600 MHz, DMSO-d6):  δ [ppm]  9.98 (s, 1H), 8.24 - 8.23 (dt, J = 8.2 Hz, 

1H), 8.04 - 8.03 (dt, J = 8.0 Hz, 1H), 7.27 - 7.24 (qd, J = 7.26 Hz, 1H), 6.98 - 6.95 (td, J = 7.0 Hz, 1H); 

13C NMR (151 MHz, DMSO-d6) δ 183.6, 150.6, 131.1, 126.4, 1253.4, 124.4, 118.8, 114.6; HRMS 

(ESI): m/z calculated for C8H5BrN2O: MS MALDI m/z = 224.98591  

methyl 3-(3formylimidazol[1,5-a]pyridine-1-yl)benzoate (21): Crude product further 

purified with DCM: MeOH (9:1) over silica gel column. Yield 66 %, yellow solid; Rf (eluent 

MeOH/DCM 1:3) 0.63; Mp 103- 105°C. 1H NMR (600 MHz, CDCl3) δ [ppm] 10.18 (s, 1H), 8.37 (dt, 

J = 9.1, 1.2 Hz, 1H), 8.26 - 8.14 (m, 1H), 7.81-7.59 (m, 4H), 7.34 - 7.28 (m, 1H), 6.85 (td, J = 6.9, 1.1 

Hz, 1H), 3.62 (d, J = 2.1 Hz, 3H); 13C NMR (151 MHz, DMSO-d6) δ [ppm] 183.6, 165.9, 150.6, 132.9, 

132.4, 131.1, 130.6, 130.1, 129.9, 126.2, 124.4, 51.5;  MS (ESI) m/z = 281.08 [M+H]+ 

(Z)-ethyl 1-(4-fluorobenzyl)-3-((1-(3-(methoxycarbonyl)phenyl)imidazo[1,5-a]pyridin-

3-yl)methylene)-6-methyl-2-oxo-2,3-dihydro-1H-pyrrolo[2,3-b]pyridine-5-carboxylate 

(22): Crude product further purified with DCM: MeOH (9:1) over silica gel column. Yield 23 %, 

orange solid; Rf (eluent MeOH/DCM 1:3) 0.29; Mp 102-104 °C. 1H NMR (600 MHz, DMSO-d6) 

δ [ppm] 10.54 (dd, J = 15.6, 6.6 Hz, 1H), 8.12 (dd, J = 16.1, 8.5 Hz, 2H), 8.05 - 7.98 (m, 2H), 7.92 -
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7.76 (m, 2H), 7.55 (t, J = 16.9 Hz, 1H), 7.44 - 7.36 (m, 2H), 7.34 - 7.11 (m, 1H), 6.97 (dd, J = 15.5, 

8.4 Hz, 1H), 6.54 - 6.43 (m, 2H), 4.96 (s, 2H), 4.28 (q, J = 7.1 Hz, 2H), 3.61 - 3.53 (m, 3H), 2.47 (s, 

3H), 1.29 (t, J = 7.1 Hz, 3H); HRMS (ESI): m/z calculated for C34H27FN4O5: MS MALDI m/z = 591.98 

[M+H]+  

Fragment screening with Thiazole Displacement Assays 

Kd determination of Thiazole orange  

The FID assay was performed using the procedure described earlier.59 Dissociation constant (Kd) 

for TO binding to c-MYC, c-KIT1, h-TELO, BCL2 ds24 & ds27 DNA has been determined and 

reported in (Table 3 and Fig. 47 of chapter 2) using the following conditions 0.25 µM DNA, 0.5 µM 

Thiazole Orange, 10 % DMSO, 20 mM Na caco, 140 mM KCl, pH 7 (25 µL/well). All fragment 

molecules were 95% pure and obtained from commercial sources or were synthesized in-house. 

For assay optimization sufficient negative and positive controls were used, DMSO only (10 % v/v) 

wells, which contained no small molecule, were used as a negative control, while positive control 

wells consisted target DNA and the intercalator TO.  

For screening, 1.25 µL of each fragment from its original 100 mM DMSO stock plate was 

transferred to a 384 well assay plate (low volume flat bottom black NBS treated, Corning 3820) 

with each 384 well plate containing 180 fragments with negative and positive controls. To the 

fragments were added 23.75 µL of the annealed MYC oligo containing 0.25 µM DNA, 0.5 µM 

Thiazole Orange, 20 mM Na caco, 140 mM KCl, pH 7 and the plate incubated for 30 min at room 

temperature. The fluorescent measurements were taken at 25 °C using an excitation filter of 510 

nm and an emission filter of 540 nm using an Infinite 200 Pro Micro Plate Reader (Tecan i-

control). Experiments were performed in triplicate and were repeated three times. The 

fragments were ranked according to their TO displacement effect and those fragments showing 

≥ 95% displacement were subjected to a dose response, under the original screening conditions. 

The 50% displacement value (DC50) and subsequent Ki, were calculated for ligands from the 

fluorescence intensity (F) at the emission maxima, using the following Equation (1) and Equation 

(2) respectively.  

Equation (1) ……. 

TO-Displacement % FID = 100 + [100 + F/F0] 
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 F = F(Ligand + DNA +TO) - F(Buffer + DNA) - F(Ligand + DNA) 

 F0 = F(DNA+TO) - F(Buffer + TO) 

Equation 2……. 

 

Where, Kd is the dissociation binding constant of TO with G4 DNA and duplex DNA sequences; Ki 

is inhibition constant of ligand with G4 DNA; [TO] = concentration of TO; [DC50] = Concentration 

of ligand for 50% displacement of bound TO. 

1D-NMR Titration 

All NMR measurements were recorded at 600MHz at 298K. Samples contained 0.1mM c-MYC in 

25mM KPi, 70mM KCl, pH 7 0.025mM DSS and 10% DMSO-d6. Due to poor solubility of the ligands 

in the absence of DNA, a single sample for each DNA: ligand ratio was prepared to keep the DMSO- 

concentration constant. For concentration the titration, the DNA was provided as a 100 µM 

solution in 25 mM Tris·HCl buffer (pH 7.4) with 100 mM KCl in 10% d6-DMSO/90% H2O. Small 

amounts of the ligand stock solution in 100% d6-DMSO were added directly into the NMR tube 

(10 % d6-DMSO at the end of the titration). 2, 2-dimethyl-2-silapentane-5-sulphonate (DSS) was 

used as internal reference. Watergate W5 pulse sequence with gradients (37) was used for water 

suppression. 

Cells and culture conditions  

HeLa cells (human cervical cancer cells) were grown in Dulbecco’s modified Eagle’s medium 

(DMEM, Gibco® Life Technologies) supplemented with 10% fetal bovine serum (PAN Biotech), 

and 1% penicillin/streptomycin (Invitrogen). Hela cells were maintained in 25 or 75 cm2 flasks 

in a humidified atmosphere containing 5% CO2, at 37°C. For cell passaging, biotase (Invitrogen) 

was used for detaching the cells and the standard neubauer chamber for counting the cells and 

seeding accordingly. 

Cell proliferation assay 

HeLa cells were used for performing the cell viability assays. A day before the assay cells were 

seeded in a 96-well plate (Nunclon 96 Flat Bottom Transparent), with a density of 1000 cells per 
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well in 100 µl. Ligand dilutions were prepared in DMSO, vortexed and stores in -20 °C dilution 

range varied between 0, 3, 10, 30, 100, 300, 1000, 3000, 9000, 30000, 100000 nm depending 

upon the potency of the respective ligands.  The working concentrations were made in the culture 

medium and added to the cells, to a final DMSO concentration of 0.1 %. Cells treated with the 

ligands were placed back in the 5% CO2 incubator. After 3 days of ligand treatment cell viability 

assay was performed using Alamar Blue reagent (Thermo Scientific) following the instructions 

of the manufacturer. The fluorescence signal of the Alamar Blue was measured with infinite 200 

Pro Micro Plate Reader (Tecan i-control) with the excitation wavelength 540 nm & emission 

wavelength 590 nm. Ligand treatments were performed in triplicates and were repeated three 

times. The cytotoxicity was evaluated based on the percentage of cell survival in a dose-

dependent manner with regard to the negative un-treated control. Percentage cell viability was 

calculated by using the following equation: 

 

The final IC50 values were calculated by using the GraphPad Prism 6.0 software. 

c-MYC expression and immuno blotting 

For monitoring the expression levels of c-MYC after ligand, treatment Western blot analysis was 

performed. Cells treated for 24 hours with different ligands in varying concentrations were 

harvested with biotase, and suspended in PBS buffer containing EDTA free protease inhibitor. 

Followed by cell lysis with ultrasonicator and quantification of the cell lysate with Roti-Quant. 

Equal amounts of the cell lysates were loaded onto the pre-casted NuPAGE 4-12% Bis-Tris Gels 

and with the MES SDS running buffer (50 mM MES, 50 mM Tris base, 0.1% SDS, 1 mM EDTA, pH 

7.3) gel electrophoresis was  performed. Proteins on the gel were transferred onto the PVDF 

membrane (activated by brief incubation in methanol) for immunoblotting. After the protein 

transfer, the membrane was blocked for an hour in 5% non-fat milk in TBS buffer. The blot was 

then probed either with c-MYC rabbit monoclonal antibody (1:2,000, #5605,  Cell signaling) in 

1X TBS with 5% BSA or with anti-GAPDH primary monoclonal antibody (1:2,000, Cell signaling) 

in 1X PBS with 5% non-fat dry milk , and incubated overnight at 4C, on a gel rocking platform 

shaker. To get rid off the unbound primary antibody, the membrane was washed three times with 

PBST (PBS with 0.05% Tween 20) for 10 min/wash. Further, the membrane was probed either 

with horseradish peroxidase (HRP) ‐conjugated affinipure goat anti‐rabbit IgG (H+L) sera in PBS 

(1:5,000, Dianova) or   with HRP-conjugated goat anti-mouse secondary antibody in PBS (1:5,000, 
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Dianova) respectively, for an hour. Followed by three washing steps with PBS Tween (0.05%) 

(10 min/wash). Subsequently, the membrane was developed with PierceTM ECL 

chemiluminescent HRP substrate, and the chemiluminescence signals were detected using digital 

Lumi-imager (Roche). Relative intensities of the ECL signals were then determined using Image 

J software.  

Cell Cycle Analysis 

Exponentially growing HeLa cells were seeded in 12-well plates at a density of 2 x 105 cells/ ml 

and allowed to grow in DMEM complete media (Thermofisher) for 24 hours. Cells were then 

treated with ligands (5 µM) in fresh DMEM media for 24 hours. Drug media was then washed 

with 1x PBS, trypsinized with 1x trypsin (Thermofisher), pelleted down by centrifugation at 1000 

rpm and washed with 1x PBS. 400 µL permeabilisation buffer (0.1 M Phosphate/citrate (tablets), 

0.15 M NaCl, 5 mM EDTA, 0.5% BSA, 0.02% Saponin) were added to 2*105 cells, mixed gently 

with 3 µg 7-ADD (BD Biosciences) and incubated for 30 min at 4°C in the dark. Cells were then 

washed once PBS and resuspended in 400 µL PBS for FACS analysis. Cell distribution among cell 

cycle phases were acquired on BD LSR Fortessa analyser (BD Biosciences, San Diego, CA, USA) 

flow cytometer (Yellow Green filter 561nM). A total of 10,000 events were recorded. 

Molecular Modelling  

The binding sites at the two ends of the c-MYC G4 were defined by using the NMR structure of the 

2:1 Quindoline: c-MYC G4 complex (PDB ID 2L7V).54 During docking, the DNA was fixed while the 

ligand was flexible. Before running docking structure of ligands were optimized by Guassian 3.0 

tool with semi empirical PM3 force field. The docking simulations were performed by Autodock 

4.2 tool.60 
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